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ABSTRACT 
 
Title of Dissertation:  levo-tetrahydropalmatine (l-THP) and low dose naltrexone 

(LDN):  A Novel Combination for the Prevention of Cocaine 
Relapse 
 

Sarah Ashley Sushchyk  Doctor of Philosophy 2015 
Dissertation Direct by: Jia Bei Wang, M.D., Ph.D.  

Professor 
School of Pharmacy 
University of Maryland, Baltimore, MD 

 
 

To date, FDA is yet to approve a medication for the treatment of cocaine 

dependence or for the prevention of cocaine relapse.  One promising potential treatment 

is l-THP, primarily a modest dopamine antagonist.  However, l-THP possesses unwanted 

sedative side effects, which could be difficult to overcome clinically.  The present study 

aims to develop an improved cocaine relapse treatment, creating an l-THP based 

combination medication.  Our preliminary experiments determined l-THP when co-

administered with LDN, decreased the sedative effect and increased the efficacy of l-

THP.  As a result, the focus of this dissertation was placed on the development of l-THP 

& LDN as a combination medication for the prevention of cocaine relapse.  Specific aims 

used to accomplish the objective were: 1) determine the efficacy of l-THP & LDN 

combination for attenuation of cocaine seeking behavior as well as minimization of 

sedative effect of l-THP and 2) investigate the mechanism of l-THP & LDN through β-

endorphin release and POMC expression. The combination of l-THP & LDN attenuated 

reinstatement of conditioned place preference as well as drug-seeking behavior in the 

reinstatement of cocaine self-administration.  Additionally, the l-THP sedative effect 

observed at the 3mg/kg and 5mg/kg l-THP doses was ameliorated through co-

administration of 0.1mg/kg LDN. Taken together, results of the behavioral studies 



	  
	  

 
	  

indicate 3mg/kg l-THP & 0.1mg/kg LDN has the greatest potential as a cocaine relapse 

prevention treatment.  This dosage was used to examine the effect of l-THP & LDN on 

endogenous β-endorphin release and POMC expression.  In animals treated with 3mg/kg 

l-THP & 0.1mg/kg LDN, we correlated the reduction of drug seeking with an increase of 

plasma β-endorphin and hypothalamic POMC mRNA expression.  This to our knowledge 

is the first study investigating the underlying mechanism of LDN. The research presented 

in this dissertation establishes l-THP & LDN as novel treatment for the prevention of 

cocaine relapse and dependence with great potential for future clinical translation. 
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CHAPTER 1: INDRODUCTION AND BACKGROUND 
1.1 Substance Abuse  

 Substance abuse is a persistent debilitating mental illness affecting every facet of 

an addicted person's life.   Addicts struggling with maintaining sobriety risk losing 

careers, family, savings, and social relationships.  Substance abuse and drug addiction 

additionally correlates with a myriad of health problems, including depression, anxiety, 

HIV, STIs, and cardiac issues.  

Furthermore, addiction has an enormous economic impact; the NIH estimates 181 billion 

dollars a year is lost to illicit-drug-related costs through health care, productivity loss, 

crime, incarceration, and drug enforcement.1 Together the abovementioned health, 

personal, and socioeconomic impact builds a compelling case for development of anti-

addiction therapeutics. However it is important to consider, when attempting to develop 

 

Figure 1.1 Stages of addiction of drugs of abuse (Source: Koob and Le Moal 2006) 
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anti-addiction therapeutics, drug addiction as a complex chronic disease involving 

neurobiological, environmental, and social components.2,3 The complex interworking’s of 

addictions allows for addicts to fall into binge-withdrawal-relapse cycles (Figure 1.1). 

This cycle and the propensity of patients who to relapse to drug use remain major 

obstacles in treating addictions.4-6   

1.1.1 Cocaine Abuse and Current Trends    

 Cocaine is a potent psychomotor stimulant associated with a high risk of addiction 

and abuse.  Although the height of cocaine use was in the late 1980s, its use remains 

stable in the United States (Figure 1.2).7 Cocaine is generally ingested intranasally as a 

powdered hydrochloride salt, but is additionally widely smoked as crack cocaine.  Crack 

cocaine is a free-base form of cocaine, is cheaper and lower in purity.  When heated, 

crack cocaine vaporizes and quickly reaches the brain, producing an almost immediate 

high.  Even after decades of research, there are very few therapeutics available that 

effectively treat addictions.  This is especially the case for the psychostimulants class that 

includes cocaine and amphetamine. While there has been extensive research exploring 

Figure 1.2 (a) Global drug use trends 2009-2012  
(b) United States Drug use trends 2002-2012 (Source: World Drug Report 2014) 
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potential therapeutics in animal models; when clinically tested, these pharmacological 

approaches have had limited success treating cocaine addiction.  Therefore, although 

there are established several behavioral approaches to treating cocaine addiction, there is 

yet to be an FDA-approved pharmacological treatment for cocaine addiction or the 

reduction and prevention of cocaine relapse.8-10 

1.2 Neurobiology of Cocaine Addiction 

The formation of a cocaine addiction involves complex neuro-adaptations 

throughout the mesolimbic dopamine (DA) reward pathway. Post-ingestion, cocaine 

directly stimulates the central nervous system, increasing concentrations of DA in the 

synaptic cleft by blocking the DA reuptake transporter.6,11-13 Subsequently, after cessation 

of cocaine use, concentrations of DA drop that creates a neurotransmitter imbalance in 

the reward pathway.14 In addition to the dopaminergic pathway, serotonin, 

norepinephrine, and the endogenous opioids are contributing factors in the development, 

maintenance, withdrawal, and relapse to cocaine use.15-17 In the scope of this dissertation, 

we will primarily focus our attention on the DA and endogenous opioids as targets for 

medication development.  

1.2.1 Dopaminergic Reward Pathway 

Dopamine, a catecholamine, is a pleasure neurotransmitter involved in many 

aspects of behavior, including locomotion, cognition, emotion, reward, food ingestion, 

and endocrine regulation.18,19 During typical rewarding activities, such as eating, small 

concentrations of DA are released from the ventral tegmental area (VTA), which then 

bind to post-synaptic DA receptors in the nucleus accumbens (NAc).  This release and 

subsequent binding result in dopaminergic signaling in NAc and activation of the reward 
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pathway.  Under normal physiological conditions, DA is removed via DA reuptake 

transporter (DAT) and dopaminergic signaling is stopped.  When cocaine is present in the 

central nervous system (CNS), it binds and blocks DAT and thus blocks DA reuptake 

(Figure 1.3). DA floods the synaptic cleft and remains at high concentration at DA 

receptors, increasing the duration and magnitude of dopaminergic signaling at D1 and D2 

receptors in the NAc.20 Hijacking of this signaling mechanism is the basis for cocaine’s 

physiological actions, as well as formation of cocaine addiction.13,21,22 

DA receptors are G-protein coupled receptors with five main receptor subtypes: 

D1, D2, D3, D4, and D5.  D1 and D5 are part of the D1-like family coupled to the 

secondary messenger Gs.  Binding of the D1-like receptors activates adenylyl cyclase 

increasing intracellular concentrations cAMP.  D2-like family members include D2, D3, 

and D4, which couple to Gi.   Gi inhibits adenylyl cyclase decreasing intracellular 

Figure 1.3 Cocaine action at the DAT (Source: NIDA 2010) 
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concentrations of cAMP.   The D1 and D2 receptors play a major role in the formation of 

cocaine addiction.23,24 Additionally, the upregulation of D3 receptors after cocaine use is 

thought to contribute to cocaine-seeking behavior.25,26   DA receptor targets have often 

been investigated as therapeutic options for the treatment of cocaine addiction, but with 

limited success.25-27 The binding of high-affinity DA antagonists leads to catalepsy and 

extrapyramidal side effects. At the same time, DA agonists activate the reward pathway 

thus increasing risk for addiction.10,28,29  

1.2.2 Endogenous Opioids   

 In addition to DA, opioids also play an important role in modulating the 

dopaminergic reward pathway through opioid receptors. The endogenous opioid system 

is comprised of three main receptor types, µ, κ, and δ and their three main respective 

endogenous ligands, β-endorphin, dynorphin, and enkephalin. The scope of this 

dissertation will focus primarily on µ-opioid receptors and β-endorphin, the endogenous 

opioid with highest affinity at brain µ-opioid receptors.30 Activation of µ-opioid receptors 

on medium spiny neurons inhibits GABAergic neurons projecting from the NAc to the 

Figure: 1.4 Opioid Activation of the Reward Pathway 
(Source: Heilig and O’Brien et al. 2011) 
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VTA. Inhibition of GABAergic neurons results in disinhibition of dopaminergic neurons 

in the VTA and activation of the dopaminergic reward pathway (Figure 1.4). Activation 

of µ-opioid receptors on GABAergic neurons in the VTA increases locomotion and DA 

release.31-33 Specifically, in human cocaine addicts, PET imaging reveals elevated µ-

opioid receptor endorphin binding in brain regions associated with reward.  The increased 

µ-opioid receptor binding correlates with reduced cocaine cravings and response to anti-

cocaine treatment. 34   

The release of β-endorphin correlates with cocaine intake.35-39 β-endorphin brain 

concentrations increase dose-dependently after cocaine administration and remain 

elevated for least 60 minutes post-injection.39 β-endorphin in itself can mediate drug-like 

responses. For example, intracerebroventricular injections of β-endorphin induce 

conditioned place preference (CPP) in mice via β-endorphin induced DA release in the 

NAc, indicating an underlying role of tonic endogenous opioid regulation.  β-endorphin 

also influences the effects of cocaine and other drugs of abuse.  One study determined β-

endorphin deficient mice have reduced cocaine-induced spontaneous locomotor 

stimulation as well as reduced formation of CPP; however, in the same β-endorphin 

deficient mice, there was no change in morphine- induced locomotor stimulation or 

formation of CPP.31   

  β-endorphin is the cleavage product of precursor polypeptide pro-

opiomelanocortin (POMC). In addition to β-endorphin, POMC is cleaved into multiple 

other neuropeptide hormones including α-melanotropin and adrenocorticotropic hormone 

(ATCH).  α-melanotropin and ATCH peptides regulate appetite and release of 

glucocorticoids, respectively.  POMC is synthesized in the hypothalamus (specifically in 
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the POMC neurons of the arcuate nucleus (Arc)) and pituitary gland.  The Arc POMC 

neurons project to the NAc, paraventricular nucleus (PVT), and lateral hypothalamus 

(LH).  Drugs of abuse including nicotine, cocaine, and heroin can alter POMC 

expression.40-43   In the Arc of mice, after the formations of a cocaine-induced CPP, the 

expression of POMC mRNA is upregulated.44,45 Additionally, in a study investigating 

gene expression and vulnerability of reinstatement to heroin-seeking behavior in rats, 

POMC expression was significantly downregulated in animals that reinstated to heroin-

seeking behavior when compared to animals that did not respond to reinstatement.  Taken 

together, the previous evidence cited demonstrates opioid receptors and endogenous 

opioids are compelling targets for the development of therapeutics for cocaine addiction.  

Yet despite this, past development of opioid receptor antagonists and agonists for 

treatment of cocaine addiction have not been overwhelmingly successful.  The lack of 

success can be attributed to low patient acceptance, efficacy of naltrexone (NTX), as well 

as the addictive properties associated with opioid agonists, such as buprenorphine.46,47 In 

studies using NTX, patients report experiencing vomiting, nausea, and headaches after 

taking naltrexone. 48-51    The combination of the previously described side effects, poor 

patient compliance, and high attrition rates makes naltrexone an undesirable choice for 

long term use as a relapse prevention treatment.  However, the tolerability of naltrexone 

is significantly improved when given at sub-therapeutic doses.52 

  Low Dose Naltrexone (LDN) is defined in the literature as less than 4mg per day 

in humans, converting roughly to a dose less than 0.5mg/kg in rodents.53-56 LDN is 

becoming a commonly used as a long-term treatment for autoimmune disorders such as 

Crohn’s disease and multiple sclerosis.57,58 While the exact mechanism of LDN is 
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unknown it is hypothesized antagonism of µ-opioid receptor results in a transient increase 

of endogenous opioids, specifically β-endorphin.  

1.2.3 Relapse  

The principal aim of this dissertation is to investigate a potential therapeutic for 

the prevention of cocaine relapse.  As previously stated, relapse to drug use is the most 

significant hurdle among addicts struggling to remain abstinent and often the measure of 

successful treatment is the time elapsed between relapse episodes. Most addicted 

individuals will relapse to drug use at some point in their lives.4,59-61 Factors that can 

trigger relapse to drug use include biological and physiological cravings, social and 

environmental stimuli, and stressful situations.4,62,63 Attempting to prevent relapse is a 

daunting task as health care providers cannot completely control external environmental 

and stressful stimuli to which their patients are exposed. However, if therapeutics could 

ameliorate some of the biological and physiological cravings, recovering addicts could 

better cope with uncontrollable external stimuli, which in turn would give them greater 

control over maintaining their abstinence.   

1.3 Animal Models of Drug Addiction  

Animal models of addiction are currently the best means available to researchers for 

exploring addiction neurobiology and validating efficacy of potential therapeutics.64-67 

CPP and self-administration (SA) are two commonly used behavioral models in the 

literature and are employed extensively in this dissertation. 

1.3.1 Conditioned Place Preference  

CPP measures drug reinforcement by utilizing DA-mediated incentive learning. It 

is primarily used to assess rewarding properties of a drug.  A CPP is acquired through a 
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series of drug pairings in a previously neutral environment. Animals are confined to a 

specific environment after receiving a rewarding stimulus, or after receiving an aversive 

stimulus in the case of conditioned place aversion (CPA).  In the next session, animals 

are confined to an adjoining environment where they receive a neutral stimulus. CPA 

follows a similar protocol; however, time is often allowed to elapse before the animal is 

exposed to the environment, allowing for negative drug effects to be experienced and 

associated with the paired environment.  

The animals are then tested for preference between the two environments. 

Environments differ in contextual clues; flooring and wall color are most commonly 

altered. Substances can create CPP when animals spend increased time in the rewarding 

stimulus environment, or decreased time in the case of CPA.  Cocaine readily produces 

stable CPP in rodents.  Removing the rewarding stimuli and replacing it with neutral 

stimuli extinguishes the CPP. Once CPP is extinguished animals can be reinstated using a 

priming injection of cocaine or another reinstatement modality.68-71 

1.3.2 Self-Administration 

SA is a form of operant conditioning behavior. Cocaine is readily self-

administered by rodents, as are most drugs with high abuse potential.  Catheters are 

implanted into the jugular vein, which allows for direct intravenous infusions.  Animals 

are trained to lever press or nose poke for drug infusion. The active drug lever is often 

paired with cues, such as tones and lights.  An inactive lever is also present in the 

chamber and depression of the lever results in no reward or cues.  Animals rapidly learn 

to self-administer cocaine and reach stable levels of drug infusions in several training 

sessions.  Two commonly employed schedules of infusions include fixed ratio (FR) and 
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progressive ratio (PR).  FR training sessions include a set number of lever presses before 

drug infusion is received. PR schedules increase the number of lever presses required for 

infusion over the course of an experimental session.   It is often used to measure the 

amount of work an animal will do to receive the drug reward.  In the PR experimental 

session, animals will often begin with a low number of lever presses required for infusion 

and then the necessary lever presses required for infusion escalates in a predetermined 

series while the drug reward remains stable. A breakpoint is reached after an hour 

without active lever response.  

During SA experimental sessions, compounds can be tested for their ability to 

increase or decrease SA or drug-taking behavior.  After animals have exhibited stable 

SA, extinction occurs where drug infusions and contextual cues are removed.  Animals 

gradually stop pressing the previously active lever, as there is no longer reward 

associated with lever pressing.  Following extinction, which is generally defined as less 

than ten percent of the active lever presses achieved during drug SA, animals are 

reinstated.  Animals are reinstated to drug seeking behavior using a variety of modalities, 

including cocaine, contextual cues, and stress. Medications intended to prevent relapses 

are tested for efficacy in attenuating drug-seeking behavior as measured by active lever 

presses.72 

1.3.3 Validity of the Reinstatement Model 

Validity of the rodent reinstatement model as a model of human relapse has been 

widely debated.65,73-75 In the SA reinstatement model, animals only stop consuming 

cocaine because it is no longer available to them.  Addicts alternatively stop for a variety 

of reasons; generally, negative consequences of consuming a drug outweigh any positive 



	  
	  

11 
 

outcomes.  Psychological and physiological drug cravings are also important facets for 

the propensity to relapse, which is difficult to measure in animals.   

Retrospective analysis of drug-abuse therapies effective in humans show they are 

also efficacious in attenuating drug-seeking behavior during both cue-primed and drug -

primed reinstatement in rodents. Although several studies utilizing the reinstatement 

model have resulted in human trials, many therapeutics that have been effective at 

attenuating drug-seeking behavior in the reinstatement model have limited or no clinical 

efficacy in humans.76 In this dissertation, animals are administered daily treatments 

during post-extinction sessions.  Following cocaine extinction, rodents are cocaine 

primed and reinstated without contextual cues.  Animals are given no further treatment 

upon reinstatement, a model which we believe better translates to clinical use when 

compared to the commonly used method of single pretreatment prior to drug primed 

reinstatement. 67  

1.4 Medication Development 

1.4.1 Levo-tetrahydropalmatine (l-THP)   

l-THP is a non-selective DA antagonist that attenuates cocaine-seeking behavior 

and is being tested as a potential agent for the treatment of cocaine addiction.28 An 

alkaloid isolated from Chinese herbal medicine Corydalis yanhusuo, l-THP has been in 

use for over 40 years as a Chinese analgesic.  l-THP primarily acts as a modest DA 

receptor antagonist but additionally possesses 5-HT and α-1 adrenergic receptor 

antagonist activity, as well as an affinity for GABAA receptors.77-81   l-THP binding has 

been studied using a competitive binding assay in which significant binding was defined 

as less than 50% inhibition of the radio ligand binding and are italicized in Table 1.1.82 
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Modest antagonism of D1 and D2 receptors by l-THP results in a small number of side 

effects, mostly significantly sedation. 83 The interaction of l-THP at the D3 DA receptor 

is of particular interest because of the D3 receptor’s upregulation during drug-seeking 

behavior. l-THP binds to postsynaptic DA receptors and to presynaptic D2 auto-

receptors, allowing for the continuation of presynaptic neuronal release.  This binding 

prevents l-THP from activating the DA reward pathway, diminishing the risk of abuse. 

Currently, there is no published literature to indicate any addictive properties of l-THP.  

Systemic l-THP administration in rats increases synaptic DA concentrations in the 

NAc.81 A Chinese double-blind pilot study found 30mg/kg l-THP taken twice daily 

increased heroin abstinence by sixty-three percent over three months.84 We hypothesize 

the unique dopaminergic interactions combined with 1-THP’s interactions with other 

non-DA receptors contribute to it’s efficacy, thereby reducing drug-seeking behavior and 

making it a promising clinical treatment option.28,85,86 Additionally, the interaction of l-

THP at non-DA may prevent it from having strong extrapyramidal side effects exhibited 

Table 1.1 l-THP Binding  

Receptor Kd (M) 
Adrenergic, a1A 4.0E−10 
Adrenergic, a2A (h) 0.5E−9 
DA, D1 (hr) 2.0E−9 
DA, D2 (hr) 1E−10 
DA, D3 0.9E−9 
Serotonin, 5HT1A (hr) 0.8E−9 
Serotonin, 5HT1D 2.5E−9 
Serotonin, 5HT4 0.1E−9 
Serotonin, 5HT7 (hr) 3E−9 
Cannabinoid, CB1 (hr) 0.6E−9 
Muscarinic, M1 (hr) 5E−11 
Opioid, Mu (hr) 2E−10 
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by pure DA antagonists, such as haloperidol.  Currently, l-THP is under investigation in a 

Phase II clinical trial led by Dr. Wang (University of Maryland, Baltimore; NIDA l-

Tetrahydropalamatine (l-THP) Treatment for Cocaine Use Disorder. NLM Identifier 

NCT02139761).  

 l-THP crosses the blood-brain barrier easily and concentrates in fatty tissue and 

organs.87 However, the exact mechanisms by which l-THP is metabolized is unknown.  A 

recent toxicity study using human cytochrome p450 (CYP) supersomes reported l-THP 

inhibits CYP1A2 and more strongly inhibits CYP2D6 and CYP3A4.88 Additional toxicity 

studies have also suggested l-THP is rapidly metabolized by O-demethylation followed 

by subsequent conjugation of any exposed phenol groups with glucoronate. l-THP orally 

administered at 40mg/kg to rats reaches a concentration of 12.5ug/g in the liver, 

indicating that a higher concentration of l-THP is metabolized in the small intestine. As l-

THP is metabolized in the liver and small intestines it therefore, carries some risk of 

toxicity, overdoses of l-THP can result in hepatitis and liver failure.  There are cases of 

documented l-THP toxicity wherein individuals ingested in excess of 2000mg in a 

twenty-four hour period. Doses used in this dissertation range between 3mg/kg and 

5mg/kg in rodents roughly translating to 0.24mg/kg and 1.24mg/kg in humans, estimated 

on standards provided in the FDA’s Guidance for Industry: Estimating the Maximal Safe 

Figure 1.5 Structure of l-THP 
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Starting Dose in Clinical Trials. 89 This dosage equates to 15mg and 75mg administered 

every 24 hours, making the therapeutic doses used in this dissertation far below any dose 

that is associated with toxicity.  

1.4.2 Low Dose Naltrexone (LDN) 

  NTX is a non-selective opioid receptor antagonist and is FDA-approved for 

treatment of alcohol and opioid dependence.90 As described previously, NTX at 

therapeutic doses (50-250mg) has had some success in attenuating cocaine-seeking 

behavior in rodents, but has had limited success in human trials.91 In this dissertation, we 

repurposed NTX to be used as low dose naltrexone (LDN). A typical LDN dose is 

reported as less than 4.5mg in humans or <0.4mg/kg rodents.   

 At low doses, NTX occupies opioid receptors briefly, leading to a homeostatic 

rebound of endogenous opioid neuropeptieds.55 Currently, there is very little research on 

the proposed mechanism of LDN, it is hypothesized to raise concentrations of 

Figure 1.6 Structure of Naltrexone 

 

Receptor Ki 

µ opioid receptor  0.0825 nM 
κ opioid receptor 0.509 nM 
δ opioid receptor 8.02 nM 
	  

Table 1.2 NTX Binding 
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endogenous opioids by antagonizing opioid receptors for short periods of time. 55 LDN is 

currently being investigated as adjunct therapy to several FDA-approved 

pharmacological addiction treatments, including buprenorphine and varenicline.53,54,92 

LDN co-administered with the previously mentioned treatments shows promise.  When 

co-administered with buprenorphine, LDN reduces opioid withdrawal symptoms and 

drug use in opioid addicts and co-administered with varenicline, increases the rate of 

nicotine and alcohol cessation.56,93 Toxicity concerns for LDN are minimal. Although 

NTX inhibits CYP2D6, LDN doses are 50-fold below intended therapeutic dose.  NTX 

goes through extensive first-pass metabolism, metabolized into 6-β-naltrexol in the liver 

by the enzyme dihydrodiol dehydrogenase and excreted through urine. 94,95   

1.4.3 Benefits of Combination Therapy and Allostatic State Hypothesis   

The dysregulation of homeostasis of the reward pathway from frequent drug use 

results in a transition to an allostatic brain reward state.  The allostatic brain reward state 

represents the transition to drug addiction.  This transition takes place after repeated drug 

use where the negative hedonic state falls farther below homeostatic levels experienced 

before drug intake. These changes are hypothesized to be persistent even after protracted 

drug abstinences.  In accordance with this model, we hypothesize that following cocaine 

cessation, there is a reduction in DA and β-endorphin release, which contributes to 

cocaine craving and relapse.11,38,96,97  To treat the dysregulation of DA and β-endorphin 

release, we proposed the combination therapy of l-THP & LDN.  As shown in Figure 1.7, 

l-THP functions though blockage postsynaptic DA receptors, disturbing synaptic DA 

transmission and resulting in attenuation of cocaine SA and reinstatement as previously 

described.81,85,98 Additionally, systemic administration of l-THP produces a moderate  
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increase in extracellular DA in the NAc by blocking presynaptic DA D2 

autoreceptors.81 Binding of brain µ-opioid receptors by LDN produces a transient 

increase of β-endorphin release and opioid receptor upregulation.55 We hypothesize thus, 

that the combination of l-THP & LDN may normalize the hypo-functional status of 

endogenous DA and β-endorphin release.   Restoring concentrations to levels observed 

prior to cocaine addiction, producing synergistic anti-craving and anti-relapse therapeutic 

effects (Figure 1.8).  In addition, LDN may also attenuate l-THP-induced reduction of 

spontaneous locomotion through elevation of endogenous β-endorphin and the 

endogenous opioids psychomotor stimulating effect.31,32 Although both compounds are 

known to inhibit CYP2D6, the doses used in this dissertation are far below those 

associated with toxicity, and therefore there is no anticipated risk of toxicity from co-

administration.   

Figure 1.7 Sites of action of l-THP & LDN 
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1.4.4 Benefits of Drug Repurposing  

Drug repurposing is becoming an increasingly common practice as the time and 

expenses associated with research and development of new drugs continue to rise.99,100 

Modifying and repurposing existing drugs saves both time and money for researchers.  

Existing drugs have the advantage of having previously undergone pharmacokinetics, 

safety, and toxicity testing, resulting in higher rates of clinical trial success.100 Drug 

repurposing work is supported by the National Center for Advancing Translation Science, 

which is currently funding nine drug-repurposing projects. 101 Both l-THP and NTX have 

previously used clinically and therefore have greater potential for  clinical translation. 

1.5 Rationale, Hypothesis, Specific Aims  

Cocaine addiction remains a severe health, social, and economic problem in United 

States and worldwide. Despite the problems cocaine addiction poses, the FDA has yet to 

approve pharmacological means of treatment or relapse prevention. Conventional 

treatments of drug addiction include relieving withdrawal symptoms and preventing 

return to drug seeking or taking behavior, better known as anti-relapse.  Prevention of 

Figure 1.8 Dysregulation of the Allostatic Drug Reward State  
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relapse to drug use is considered the most challenging part of treatment.67,102 Feelings of 

desire to return to drug use is frequently reported as a trigger for relapse.103 Neurological 

mechanisms for cocaine craving are not fully understood and effective anti-relapse 

medication without abuse potential is still not available.  

Development of l-THP & LDN for treatment of cocaine addiction, targeted 

specifically for anti-relapse to cocaine-seeking behavior, would be the first therapy of its 

kind.   l-THP is an alkaloid primarily acting as a DA receptor antagonist, possessing 

moderate affinity for both the  D1 and D2 receptors and some affinity for the D3 receptor. 

It also interacts with GABAA, 5-HT, and the α-1 adrenergic receptor. 80 In animal studies, 

l-THP has demonstrated efficacy attenuating cocaine-seeking behavior in rodents.28,98 l-

THP has also shown promising efficacy for reducing craving and anti-relapse for opioid 

addicts.84 Currently, l-THP is in a phase II trial as a therapeutic agent for cocaine 

addiction.  However, l-THP reduces locomotor activity in animals, a possible unwanted 

sedative effect when used as an anti-relapse medication. NTX is an opioid receptor 

antagonist approved by FDA for the treatment of alcohol and opiate dependence at doses 

of 50 mg/day. We propose the use of LDN at doses less than 10% of the recommended 

therapeutic dose for alcoholism. Although LDN has been used off-label as a treatment for 

Crohn's disease and multiple sclerosis, there is currently no FDA-approved medical 

indication for LDN.  

Our preliminary studies, documented in this dissertation, establish that combination 

of l-THP & LDN produces a greater reduction in cocaine-seeking behavior than l-THP or 

LDN alone. In addition, the combination also prevented l-THP-induced reduction in 

locomotion.  This data led to the generation of our central hypothesis, that the 
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combination of l-THP & LDN work together to attenuate cocaine-seeking behavior, and 

LDN reduces unwanted sedative side effects produced by l-THP.  We predict the 

therapeutic actions occur via modulation of DA and endogenous opioid systems based on 

the evidence cited above. The l-THP & LDN combination has increased efficacy and 

safety for cocaine relapse prevention over l-THP therapy alone. The proposed study, 

documented in this dissertation, will test this hypothesis using well-established 

behavioral animal models combined with plasma β-endorphin analysis and POMC 

mRNA expression to determine the effect of l-THP & LDN on endogenous opioid release 

and regulation. Specific Aim 1: Determine the efficacy of l-THP & LDN combination 

for attenuating cocaine-seeking behavior, including reinstatement of CPP in mice 

and reinstatement of SA in rats. We hypothesize the combination of l-THP & LDN will 

attenuate cocaine-seeking behavior during reinstatement more efficaciously than l-THP 

alone. This will be demonstrated using the conditioned place preference paradigm and the 

SA paradigm.  This will also be used to determine the combination dosage of l-THP & 

LDN with the greatest efficacy in attenuating l-THP reduction in locomotion. Specific 

Aim 2: Investigate the mechanism of l-THP & LDN action through β-endorphin 

release and POMC expression. We hypothesize that repeated administration of LDN 

will result in increased plasma concentration of β-endorphins.  Plasma β-endorphin 

concentrations and POMC expression in the Arc will be quantified. l-THP modest 

antagonism of DA receptors and the addition of LDN will increase dopaminergic 

signaling via feedback mechanism between the opioid receptors and DA neurons.  l-THP 

& LDN together will aid in normalizing neurotransmitters to a  homeostatic 

concentration. 
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CHAPTER 2:THE DEVELOPMENT OF AN l-THP 
BASED MEDICATION AS A COMBINATION 

THERAPY 
2.1 Introduction 

Cocaine is a potent psychostimulant with a high risk for addiction and abuse.  Despite 

its continued and widespread use, there is a lack FDA-approved therapeutics for the 

treatment of cocaine addiction or prevention of cocaine relapse. Addiction to cocaine is 

primarily formed through alterations in the mesolimbic dopamine (DA) reward pathway 

and as a result considerable focus has been placed on development of DA receptor 

antagonists.1-3 In clinical practice, however, many of these pure DA receptor antagonists 

are unsuccessful. This is often attributed to their insufficient efficacy and undesirable side 

effects including sedation and dysphoria.  In the literature l-THP is reported as effective 

for reducing self-administration (SA) and drug-seeking behavior in many of drugs of 

abuse including cocaine, oxycodone and heroin.4-10 However, l-THP possesses sedative 

effects, a result of the DA receptor antagonism. A sedative effect potentially could 

prevent l-THP from advancing in a clinical setting. 11  

We hypothesize an l-THP based medication for the prevention of cocaine relapse, 

could be made more efficacious when made part of a combination medication.  The ideal 

combination would be one, which would both reduce the sedative effect, and thereby 

increasing its tolerability while still maintaining or increasing the efficacious properties 

of l-THP.  For the pilot study we choose to use a 5mg/kg dose of l-THP, a dose 

previously reported to be efficacious in animals with minimal sedation.5,6   The secondary 

compounds chosen for co-administering with l-THP were selected based on either their 

stimulatory effect or demonstrated efficacy reducing cocaine-seeking behavior.  These 
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compounds included buprenorphine, LDN, and caffeine. Cis(Z)-flupenthixol was also 

included as a comparison for l-THP as the two compounds possess a similar DA receptor 

affinity profile.12-14  In the  present study, the efficacy the combinations of l-THP to 

attenuate reinstatement of CPP was compared to the efficacy of l-THP alone, determining 

whether, if any, of the selected compounds combined with l-THP warrant further 

investigation. 

2.2 Materials and Methods 

Animals: Experimentally naïve male C57-B6J mice (Jackson Laboratories, Bar Harbor 

ME, USA) weighing 20-25 grams, 35 animals were used in the CPP, four animals were 

removed for not forming a CPP, 45 animals were used for the NTX withdrawal and 

locomotor experiments.  Animals were housed individually in a light/dark cycle with 

lights on at 7:00 and lights off at 19:00.  Animals were given ad libitum access to food 

and water. All experimental procedures were conducted in accordance with the Guide of 

the Care and Use of Laboratory Animals of the U.S. National Academy of Sciences and 

were approved by the IACUC of the University of Maryland Baltimore. 

Apparatus: CPP experiments were conducted in open-field test chambers 27.3 cm x 27.3 

Figure 2.1 CPP Apparatus 
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cm x 20.3 cm with two-chambers CPP inserts (MED Associates Inc. St. Albans, VT 

USA).  Mesh and bar flooring differed in each chambers. The two-chambers were 

separated using a guillotine door illustrated in Figure 2.1 

Acquisition of CPP:   

Animals were allowed to freely move about the chambers for three sessions to determine 

an initial chamber preference and establish a baseline.  Animals were administered i.p. 

10mg/kg cocaine injection and confined to the least preferred chamber.  In the following 

day’s session they were given a saline injection and confined to the initially preferred 

chamber. Cocaine/saline chamber pairings were repeated four times over eight days. 

After which animals were again allowed to freely move about the two chambers. A 

significant increase of time spent in the cocaine-conditioned chamber was considered as 

acquisition of CPP.  Each conditioning session, as well as the CPP testing session lasted 

20 minutes.  

Reinstatement of CPP: After acquisition of CPP animals were administered saline 

injections paired to both chambers.  Animals were also randomly assigned to a treatment 

group, as described in Table 2.1Each group was administered treatments i.p. daily 

directly following the conditioning session.  Saline/saline chamber pairings were repeated 

 

CPP n=31 
 

5mg/kg l-THP+ 5mg/kg Caffeine n=5 
5mg/kg l-THP + 0.1mg/kg NTX n=5 
5mg/kg l-THP + 3mg/kg Buprenorphine  n=6 
5mg/kg l-THP n=6 
0.2mg/kg cis(Z)- Flupenthixol n=5 
Vehicle  n=4 

 

Table 2.1 CPP Treatment  
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four times followed by CPP test session. CPP was considered extinguished when animals 

returned to within 10% of baseline preference.  Animals were reinstated using 5mg/kg 

cocaine i.p. and received no additional l-THP/LDN treatments on day of reinstatement.  

Locomotor Activity: Locomotor experiments were conducted in open-field test chambers 

with CPP inserts 27.3 cm x 27.3 cm x 20.3 cm (MED Associates Inc. St. Albans, VT 

USA). Locomotor data was collected on CPP test days over the treatment period.  

Baseline was established from average locomotion during initial chamber preference 

tests. 

NTX induced Withdrawal: NTX withdrawal experiments were conducted in open-field 

test chambers (27.3 cm x 27.3 cm x 20.3 cm MED Associates Inc. St. Albans, VT USA).  

Animals were given a daily 10mg/kg cocaine injection i.p. over four consecutive days.  

On the fifth day animals were randomly assigned a dose of naltrexone: 0mg/kg, 

0.1mg/kg, 1mg/kg, 5mg/kg, 10mg/kg, 15mg/kg, 20mg/kg, 30mg/kg, and 50mg/kg.  

Animals were monitored for thirty minutes after NTX injections. Signs of opioid 

withdrawal including; wet dog shakes, jumping, paw tremor, teeth chattering, and body 

tremors were monitored over five minute periods. Presence of diarrhea was scored 

Table 2.2 Global Withdrawal Score Calculations (adapted from28) 
 

Diarrhea 0 = for no change 
1 = for a mild increase 
2 = for a moderate increase 
3 = for a severe increase 

Teeth chattering  Number × 1.5 
Wet dog shaking Number × 1.0 
Grooming Number × 0.1 
Forepaw tremor Number × 0.1 
Rearing Number × 0.1 
Jumping Number × 0.1 
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between 0-3 dependent on severity.  Presence of each sign during each period was scored 

as 1. Numbers of periods showing each sign were then counted. These were then used to 

create global withdrawal score.  Global withdrawal scale and weights were adapted from 

previously published scales.   

Drugs:  The drugs used in the present study were as follows. Cocaine hydrochloride, 

obtained from NIDA, was dissolved in physiological saline. l-THP, obtained from the lab 

of Stephen Hoag at the University of Maryland, Baltimore, was dissolved in 0.1M H2SO4, 

brought to a pH of 5.5 ± 0.2 with 0.1M NaOH and brought to the correct concentration 

with sterile water.  l-THP was stored protected from light. The 0.1M H2SO4, 0.1M NaOH 

and sterile water solution used to dissolve l-THP was also used as a vehicle.  NTX 

hydrochloride, caffeine anhydrous, buprenorphine hydrochloride and cis(Z)-flupenthixol 

dihydrochloride were obtained from Sigma-Aldrich and were dissolved in physiological 

saline.  Additionally, to ensure the solutions were free of any contaminates, each was 

syringe passed through 0.22µM filters.   

2.3 Results  

2.3.1 Effect of l-THP combinations on the reinstatement of CPP 

After animals established CPP, cocaine chamber pairing was replaced with 

second saline chamber pairing and animals were moved to extinction.  Animals were 

administered saline/saline chamber pairings until CPP was no longer present.  To ensure 

the l-THP injections did not affect the CPP, animals were administered i.p. injections 

after the experimental sessions.  A priming i.p. injection of 5mg/kg cocaine was 

administered thirty-minutes prior to reinstatement experimental session. Treatment 

during extinction significantly effected reinstatement of CPP determined by two-way 
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ANOVA [F(1,24)=11.8, p=0.0437]. Reinstatement of CPP appeared to be reduced in the 

5mg/kg l-THP & 0.5mg/kg (n=5) caffeine group as well as the 5mg/kg l-THP & 

0.1mg/kg LDN (n=5) group when compared to the l-THP group. However, as seen in 

Figure 2.2b, Bonferroni post-test analysis determined only 5mg/kg l-THP & 0.1mg/kg 

LDN significantly inhibited reinstatement of CPP p<0.05 compared to the vehicle (n=4).  

5mg/kg l-THP & 3mg/kg buprenorphine (n=6), 0.2mg/kg cis(Z)-flupenthixol (n=5), 

5mg/kg l-THP & 0.5mg/kg caffeine  as well as 5mg/kg l-THP (n=6) did not significantly 

attenuate cocaine-induced reinstatement of CPP.   

2.3.2 Effect of l-THP combinations on spontaneous locomotion 

Animals were administered l-THP, l-THP & caffeine, or l-THP & LDN i.p. 

injections daily, following experimental sessions. Spontaneous locomotion was recorded 

every fifth experimental session, on the CPP test days.  Changes in spontaneous 

locomotion were compared between 5mg/kg l-THP (n=6), 5mg/kg l-THP & 0.5mg/kg 

caffeine (n=5), and 5mg/kg l-THP & 0.1mg/kg LDN (n=5) groups.  Spontaneous 

locomotion was significantly affected by treatment during extinction 

[F(2,65)=12.44p>0.0001, demonstrated by two-way ANONA. As shown in Figure 2.3 

Bonferroni post-test analysis demonstrated 5mg/kg l-THP & 0.1mg/kg LDN significantly 

reversed the reduction of spontaneous locomotion during treatment weeks three and four 

p<0.05 for both.  The combination of 5mg/kg l-THP & 0.5mg/kg caffeine resulted in a 

slight increase of spontaneous locomotion but was not significant. 

2.3.3 Effect of NTX on cocaine induced withdrawal 

Animals were administered i.p. injections of 10mg/kg cocaine i.p. and placed 

back into their home cages over four consecutive days.  On the fifth day animals were 
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administered NTX, n=5 for each NTX dose, and placed into open-field chamber. Opioid-

like withdrawal signs were monitored for twenty minutes. NTX administered at higher 

doses, 50mg/kg, 30mg/kg and 20mg/kg, significantly [F (8,36)=13.04, p<0.0001] 

precipitated opioid-like withdrawal response in mice determined by one-way ANOVA.  

The 0.1mg/kg dose of NTX, the dose utilized in the CPP experiments, did not precipitate 

an opioid-like withdrawal response. Additional Bonferroni post-tests, shown in Figure 

2.4, determined a significant effect on global withdrawal scores when compared to the 

0.1mg/kg NTX dose, 50mg/kg, 30mg/kg, 20mg/kg and 10mg/kg NTX p values of 

p<0.0001, p<0.001, p<0.001 and p<0.05 respectively. 
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Figure 2.2.  Effect of l-THP and l-THP combinations on the reinstatement of CPP.  
After extinction of CPP, animals were administered saline/saline pairings and after 
experimental session were administered i.p. injections of their assigned treatment. 
Animals were reinstated using a priming injection of 5mg/kg cocaine.  The treatment 
significantly affected reinstatement of CPP p=0.0437.  Panel A shows 5mg/kg l-THP, 
5mg/kg l-THP & 0.5mg/kg caffeine and vehicle.  Panel B 5mg/kg l-THP, 5mg/kg l-
THP & 0.1mg/kg LDN and vehicle. The combination of 5mg/kg l-THP & 0.1mgkg 
LDN significantly inhibited conditioned place preference reinstatement, *p<0.05. 
Panel C shows 5mg/kg l-THP, 5mg/kg l-THP & 3mg/kg buprenorphine, and vehicle.  
Panel D shows 5mg/kg l-THP, 0.2mg/kg cis(Z)-flupenthixol, and vehicle.   
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Figure 2.3 Effect of l-THP and l-THP combinations on spontaneous locomotion.  Post 
experimental session animals were administered the assigned treatment, every fifth 
experimental session spontaneous locomotion was recorded.  This continued until the 
extinction of CPP over the course of four weeks.   The treatment significantly affected 
the spontaneous locomotion over course of treatment, p<0.0001.  The combination of 
5mg/kg l-THP and 0.1mg/kg LDN significantly reduced the depression of 
spontaneous locomotion during treatment weeks 3 and 4 when compared to 5mg/kg l-
THP alone, *p<0.05. 
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Figure 2.4. The effect of NTX dose on induced opioid-like withdrawal.  Animals were 
administered 10mg/kg cocaine for four consecutive days, on the fifth day animals 
were administered NTX and monitored in open-field chambers. Higher doses of NTX 
significantly elicited opioid like withdrawal symptoms post repeated cocaine 
treatment, ****p<0.0001, ***p<0.001, and *<0.05 as calculated by global withdrawal 
score as described in table 2.2.   
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2.4 Discussion  

The purpose of the present study was to ascertain whether the efficacy and tolerability 

of l-THP could be more efficacious when used as part of a combination medication. The 

ideal combination is one, which would both reduce the sedative effect and, thereby, 

increase tolerability while still maintaining or increasing the efficacious properties of l-

THP.   In our initial experiment we determined that while the efficacy of l-THP appeared 

to be increased when combined with either LDN or caffeine, it was only statistically 

significant in the LDN combination.  Additionally, after determining the combination’s 

effects on spontaneous locomotion, we discovered the reversal was only significant in the 

l-THP & LDN combination group.  The effect on spontaneous locomotion is an 

especially important factor, as the sedative effect has the potential to prevent l-THP from 

moving forward clinically. Taken together these observations build a strong case for the 

further investigation of l-THP & LDN as a combination medication for prevention of 

cocaine relapse.  

One concern to address with NTX is, when previously tested as a treatment for 

cocaine addiction, NTX has a history of low tolerability and eliciting other unpleasant 

side effects.15-19 Additionally, NTX is previously reported to precipitate opioid-like 

withdrawal symptoms in rodents treated with non-opioid drugs.20 This effect is the 

hypothesized result of the connection to and indirect regulation of endogenous opioids by 

cocaine, nicotine, and other drugs of abuse.  We were able to confirm the previously 

reported observation of opioid-like withdrawal symptoms with repeated cocaine 

administration followed by administration of high doses of NTX.  However, there was a 

lack of observable opioid-like withdrawal effect in animals administered doses of NTX 
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below 5mg/kg, indicating minimal risk in using 0.1mg/kg NTX.  The results also suggest 

a connection between cocaine and endogenous opioid regulation, as suggested in 

previous studies. 21-23    

To our knowledge we are the first to suggest l-THP use in a combination medication, 

specifically the use of l-THP & LDN.  The use of combination medications is becoming 

increasingly common. Combination medications are widely used to increase the safety, 

efficacy, and tolerability of many classes of drugs. For use in substance abuse disorders, 

the combination of buprenorphine and LDN is used to treat opioid addictions while 

minimizing risk of buprenorphine dependence.24,25 This combination is also suggested to 

be efficacious in the treatment of cocaine dependence.26   The two previous examples use 

NTX as an adjunct therapy in an effort to lower the risk of buprenorphine dependence.  

Additionally, the combination of varenicline and LDN is being investigated as a 

treatment for smokers who also drink heavily.27 Taken together, the reports using LDN 

and the evidence presented in this study call for further investigation of l-THP & LDN as 

a potential treatment for cocaine relapse prevention.  Future studies will include 

exploration of dose-response effects of l-THP & LDN attenuating drug seeking behavior, 

as well as validating the effects of l-THP & LDN on spontaneous locomotion.



	  
	  

41 
	  

2.5 References  

1. Platt DM, Rowlett JK, Spealman RD. Behavioral effects of cocaine and dopaminergic 
strategies for preclinical medication development. Psychopharmacology (Berl). 
2002;163(3-4):265-282. doi: 10.1007/s00213-002-1137-8. 
 
2. Dackis CA, O'Brien CP. Cocaine dependence: A disease of the brain's reward centers. 
J Subst Abuse Treat. 2001;21(3):111-117. 
 
3. Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. 
2010;35(1):217-238. doi: 10.1038/npp.2009.110. 
 
4. Liu YL, Liang JH, Yan LD, Su RB, Wu CF, Gong ZH. Effects of l-
tetrahydropalmatine on locomotor sensitization to oxycodone in mice. Acta Pharmacol 
Sin. 2005;26(5):533-538. doi: 10.1111/j.1745-7254.2005.00101.x. 
 
5. Mantsch JR, Li SJ, Risinger R, et al. Levo-tetrahydropalmatine attenuates cocaine self-
administration and cocaine-induced reinstatement in rats. Psychopharmacology (Berl). 
2007;192(4):581-591. doi: 10.1007/s00213-007-0754-7. 
 
6. Mantsch JR, Wisniewski S, Vranjkovic O, et al. Levo-tetrahydropalmatine attenuates 
cocaine self-administration under a progressive-ratio schedule and cocaine discrimination 
in rats. Pharmacol Biochem Behav. 2010;97(2):310-316. doi: 10.1016/j.pbb.2010.08.016. 
 
7. Liu YL, Yan LD, Zhou PL, Wu CF, Gong ZH. Levo-tetrahydropalmatine attenuates 
oxycodone-induced conditioned place preference in rats. Eur J Pharmacol. 2009;602(2-
3):321-327. doi: 10.1016/j.ejphar.2008.11.031. 
 
8. Xi ZX, Yang Z, Li SJ, et al. Levo-tetrahydropalmatine inhibits cocaine's rewarding 
effects: Experiments with self-administration and brain-stimulation reward in rats. 
Neuropharmacology. 2007;53(6):771-782. doi: 10.1016/j.neuropharm.2007.08.004. 
 
9. Wang JB, Mantsch JR. L-tetrahydropalamatine: A potential new medication for the 
treatment of cocaine addiction. Future Med Chem. 2012;4(2):177-186. doi: 
10.4155/fmc.11.166. 
 
10. Figueroa-Guzman Y, Mueller C, Vranjkovic O, et al. Oral administration of levo-
tetrahydropalmatine attenuates reinstatement of extinguished cocaine seeking by cocaine, 
stress or drug-associated cues in rats. Drug Alcohol Depend. 2011;116(1-3):72-79. doi: 
10.1016/j.drugalcdep.2010.11.023. 
 
11. Vermeire E, Hearnshaw H, Van Royen P, Denekens J. Patient adherence to treatment: 
Three decades of research. A comprehensive review. J Clin Pharm Ther. 2001;26(5):331-
342. 
 



	  
	  

42 
	  

12. Wenzel JM, Su Z, Shelton K, Dominguez HM, von Furstenberg VA, Ettenberg A. 
The dopamine antagonist cis-flupenthixol blocks the expression of the conditioned 
positive but not the negative effects of cocaine in rats. Pharmacology Biochemistry and 
Behavior. 2013;114:90-96. 
 
13. Koob G, Swerdlow N, Seeligson M, et al. Effects of alpha-flupenthixol and naloxone 
on CRF-induced locomotor activation. Neuroendocrinology. 1984;39(5):459-464. 
14. Cardinal RN, Robbins TW, Everitt BJ. The effects of d-amphetamine, 
chlordiazepoxide, Î±-flupenthixol and behavioural manipulations on choice of signalled 
and unsignalled delayed reinforcement in rats. Psychopharmacology (Berl ). 
2000;152(4):362-375. 
 
15. Gonzalez JP, Brogden RN. Naltrexone. A review of its pharmacodynamic and 
pharmacokinetic properties and therapeutic efficacy in the management of opioid 
dependence. Drugs. 1988;35(3):192-213. 
 
16. Grassi MC, Cioce AM, Giudici FD, Antonilli L, Nencini P. Short-term efficacy of 
disulfiram or naltrexone in reducing positive urinalysis for both cocaine and cocaethylene 
in cocaine abusers: A pilot study. Pharmacological Research. 2007;55(2):117-121. 
 
17. Peters K, Affronti M, Woodring S, et al. Placebo-controlled, double-blind, 
randomized pilot study to evaluate the effects of low-dose naltrexone on quality of life 
and fatigue in newly diagnosed high-grade glioma (P4. 210). Neurology. 2015;84(14 
Supplement):P4. 210. 
 
18. Schmitz JM, Stotts AL, Rhoades HM, Grabowski J. Naltrexone and relapse 
prevention treatment for cocaine-dependent patients. Addict Behav. 2001;26(2):167-180. 
 
19. Schmitz JM, Green CE, Stotts AL, et al. A two-phased screening paradigm for 
evaluating candidate medications for cocaine cessation or relapse prevention: Modafinil, 
levodopa–carbidopa, naltrexone. Drug Alcohol Depend. 2014;136:100-107. 
 
20. Ueno K, Kiguchi N, Kobayashi Y, et al. Possible involvement of endogenous opioid 
system located downstream of alpha7 nicotinic acetylcholine receptor in mice with 
physical dependence on nicotine. J Pharmacol Sci. 2014;124(1):47-53. doi: 
DN/JST.JSTAGE/jphs/13172FP [pii]. 
 
21. Sweep CG, Van Ree JM, Wiegant VM. Characterization of beta-endorphin-
immunoreactivity in limbic brain structures of rats self-administering heroin or cocaine. 
Neuropeptides. 1988;12(4):229-236. 
 
22. Moldow RL, Fischman AJ. Cocaine induced secretion of ACTH, beta-endorphin, and 
corticosterone. Peptides. 1987;8(5):819-822. doi: 0196-9781(87)90065-9 [pii]. 
 



	  
	  

43 
	  

23. Roth-Deri I, Zangen A, Aleli M, et al. Effect of experimenter-delivered and self-
administered cocaine on extracellular beta-endorphin levels in the nucleus accumbens. J 
Neurochem. 2003;84(5):930-938. 
 
24. Cordery SF, Taverner A, Ridzwan IE, et al. A non-rewarding, non-aversive 
buprenorphine/naltrexone combination attenuates drug-primed reinstatement to cocaine 
and morphine in rats in a conditioned place preference paradigm. Addict Biol. 2012. doi: 
10.1111/adb.12020; 10.1111/adb.12020. 
 
25. Gerra G, Fantoma A, Zaimovic A. Naltrexone and buprenorphine combination in the 
treatment of opioid dependence. J Psychopharmacol. 2006;20(6):806-814. doi: 
10.1177/0269881106060835. 
 
26. Wee S, Vendruscolo LF, Misra KK, Schlosburg JE, Koob GF. A combination of 
buprenorphine and naltrexone blocks compulsive cocaine intake in rodents without 
producing dependence. Sci Transl Med. 2012;4(146):146ra110. doi: 
10.1126/scitranslmed.3003948; 10.1126/scitranslmed.3003948. 
 
27. Ray LA, Courtney KE, Ghahremani DG, Miotto K, Brody A, London ED. 
Varenicline, low dose naltrexone, and their combination for heavy-drinking smokers: 
Human laboratory findings. Psychopharmacology (Berl). 2014;231(19):3843-3853. doi: 
10.1007/s00213-014-3519-0 [doi]. 
 
28. Jia W, Liu R, Shi J, et al. Differential regulation of MAPK phosphorylation in the 
dorsal hippocampus in response to prolonged morphine withdrawal-induced depressive-
like symptoms in mice. PLoS One. 2013;8(6):e66111. doi: 10.1371/journal.pone.0066111 
[doi]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	  
	  

44 
	  

CHAPTER 3: THE EFFICACY OF l-THP & LDN IN THE 
REINSTATEMENT OF CONDITIONED PLACE 

PREFERENCE 
 

3.1 Introduction 

Cocaine addiction is a persistent problem in the United States.   The socioeconomic 

burden of addiction is enormous; the NIH estimates 181 billion dollars is lost yearly on 

illicit substance related costs.1    Relapse to drug use is cited as the major obstacle when 

treating drug addiction.2-4   We propose the combination of l-THP & LDN as a 

therapeutic agent for the prevention of cocaine relapse.  In Chapter 2 we established an l-

THP-based treatment intended for the prevention of cocaine relapse could be made more 

efficacious when used as a combination medication. When compared to l-THP alone, the 

reinstatement of CPP was significantly reduced when l-THP was co-administered with 

LDN.  Moreover, the combination of l-THP & LDN appears to reverse the sedative 

locomotor effects caused by the DA antagonistic properties of l-THP.5,6  We deemed that 

the previous results merited additional investigation to further uncover the behavioral and 

neurochemical effects of l-THP & LDN.  NTX, a primarily µ-opioid antagonist, is FDA 

approved for treatment of alcoholism and opioid detoxification. NTX at therapeutic doses 

is primarily unsuccessful in human cocaine trials, which is partly attributed to the low 

tolerability associated with NTX.7-11 However, below the traditional therapeutics doses, 

the tolerability of NTX is greatly improved. In the literature this use of NTX is defined as 

low dose naltrexone or LDN and is a dose less than 4mg per day in humans.12-15  

LDN is hypothesized to function via brief µ-opioid receptors antagonism, which 

induces a transient homeostatic rebound and release of endogenous opioids. We speculate 

that the previously observed effects of l-THP & LDN are connected to the release of β-
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endorphin.  Evidence in the literature supports the connection between cocaine, β-

endorphin, addiction, and relapse.  Cocaine, either self or experimenter administered, 

releases β-endorphin within the NAc. A study in 2003 established β-endorphin increases 

in a dose-dependent manner twenty minutes following a cocaine injection and remains 

elevated for at least six minutes post injection.16 Additionally, a follow-up study 

determined reduced β-endorphin release is concurrent with heighten drug craving after 

long term absence.17,18  Importantly in the scope of this dissertation, attenuated β-

endorphin release is thought to play an important role in relapse of other substances 

including nicotine and alcohol.19,20 

In the present study we aim to investigate the effect of a high and low dose of l-THP 

in combination with LDN. Using similar methods described in the previous chapter, we 

will examine the combinations effect on reinstatement of CPP and validate the 

spontaneous locomotor effect of l-THP & LDN.   

 

3.2 Materials and Methods  

Animals: Experimentally naïve male C57-B6J mice (Jackson Laboratories, Bar Harbor 

ME, USA) weighing 20-25 g were used for CPP, locomotor experiments, and plasma β-

endorphin quantification. Animals were housed individually in a light/dark cycle with 

lights on at 7:00 and lights off at 19:00.  Animals were given ad libitum access to food 

and water. All experimental procedures were conducted in accordance with the Guide of 

the Care and Use of Laboratory Animals of the U.S. National Academy of Sciences and 

were approved by the IACUC of the University of Maryland Baltimore. 
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Apparatus: CPP experiments were conducted in open-field test chambers 27.3 cm x 27.3 

cm x 20.3 cm with two-chambers CPP inserts (MED Associates Inc. St. Albans, VT 

USA).  Mesh and bar flooring differed in each chambers. The two-chambers were 

separated using a guillotine door.   

Acquisition of CPP: Animals were allowed to freely move about the chambers for three 

sessions to determine an initial chamber preference and establish a baseline.    Animals 

were administered i.p. 10mg/kg cocaine injection and confined to the least preferred 

chamber.  In the following day’s session animals were administered a saline injection and 

confined to the initially preferred chamber. Cocaine/saline chamber pairing was repeated 

four times, over eight days, after which animals were again allowed to freely move about 

both chambers. A significant increase in time spent in the cocaine-conditioned chamber 

was considered evidence of acquisition of CPP.  Each conditioning experimental session 

lasted 20 minutes.  

Reinstatement of CPP: After acquisition of CPP animals received saline injections paired 

with both chambers.  Animals were randomly assigned to treatment groups described in 

Table 3.1 and Table 3.2. Treatments were administered i.p. daily directly following the 

conditioning session. Saline/saline chamber pairings were repeated four times and 

followed by CPP test session. CPP was considered extinguished when animals returned 

to within 10% of its baseline preference.  Animals were reinstated using 5mg/kg cocaine 

i.p. and received no additional l-THP/LDN treatments on day of reinstatement.  
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Locomotor Activity: Locomotor experiments were conducted in open-field test chambers 

with CPP inserts 27.3 cm x 27.3 cm x 20.3 cm (MED Associates Inc. St. Albans, VT 

USA). Locomotor data was collected on CPP test days over the treatment period.  

Baseline was established from average locomotion during initial chamber preference 

tests.  

Drugs: The drugs used in the present study are as follows. Cocaine hydrochloride, 

obtained from NIDA, was dissolved in physiological saline. l-THP obtained from the lab 

of Stephen Hoag at the University of Maryland, Baltimore.  l-THP was dissolved in 0.1M 

H2SO4, brought to pH of 5.5 ± 0.2 with 0.1M NaOH and brought to correct concentration 

with sterile water.  NTX hydrochloride, obtained from Sigma-Aldrich, was dissolved in l-

THP solution 0.1M H2SO4/0.1M NaOH/ sterile water solution pH of 5.5 ± 0.2 was used 

as vehicle.   Additionally, to ensure the solutions were free of any contaminates, each was 

syringe passed through 0.22µM filters.   

 

 

Table 3.2 Treatment and Spontaneous Locomotion Groups  
 
CPP n=60 
14 animals excluded for not 
forming CPP  

3mg/kg l-THP n=12 
0.1mg/kg LDN n=10 
3mg/kg l-THP & 0.1mg/kg LDN n=10 
Vehicle n=14 

 

Table 3.1 Treatment Groups 
CPP n= 48 
9 animals excluded for not 
forming CPP  

5mg/kg l-THP n= 5 
3mg/kg l-THP n=5 
0.1mg/kg LDN n=6 
5mg/kg l-THP & 0.1mg/kg LDN n=8 
3mg/kg l-THP & 0.1mg/kg LDN n=8 
Vehicle n=7 
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3.3 Results 

3.3.1 Effect of l-THP alone and in combination with LDN on reinstatement of CPP   

After acquisition of CPP, animals were transitioned to extinction, where the 

cocaine pairing was removed and replaced by a second saline pairing.  Saline/saline 

chamber pairings were repeated until animals no longer exhibited a CPP. l-THP, LDN, l-

THP & LDN, or vehicle i.p. injections were administered following experimental session 

to ensure that they did not affect CPP.  Following extinction of CPP, animals were 

reinstated using a priming dose of 5mg/kg cocaine. The ability of the high and low l-THP 

LDN combinations was compared to the efficacy of compounds alone.  The dose of l-

THP significantly [F(1,42)=11.07,p<0.0018] affected the reinstatement of CPP 

determined by two-way ANOVA.  LDN (n=6) did not significantly reduce reinstatement 

of CPP. As shown in Figure 3.1A, additional Bonferroni post-test analysis determined 

both 3mg/kg l-THP (n=7) and 5mg/kg l-THP (n=5) significantly attenuated CPP 

reinstatement when compared to vehicle treatment groups, p<0.05 and p<0.01 

respectively. A second two-way ANOVA determined combinations of l-THP & LDN 

significantly [F (2,20)=16.42,p<0.0001] reduced reinstatement of CPP.  However, the 

Bonferroni post-test analysis, as shown in Figure 3.1B, determined both 3mg/kg l-THP 

(n=8) and 5mg/kg l-THP 0.1mg/kg LDN (n=8) combinations significantly attenuated 

reinstatement when compared to vehicle groups (n=7), p<0.0001. 

 

3.3.2 Effect of 3mg/kg l-THP & 0.1mg/kg LDN on reinstatement of CPP   

Based on the results of the previous CPP, the effects of the 3mg/kg l-THP & 

0.1mg/kg LDN were further investigated.  CPP timeline, procedures, and conditions were 
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identical to those used and described in the results of the previous experiment.  Briefly, 

following extinction animals were reinstated with a priming dose of 5mg/kg cocaine.  A 

two-way ANOVA determined treatment during extinction significantly [F 

(3,84=4.694,p=0.0044] affected reinstatement of CPP.  As shown in Figure 3.2, 

Bonferroni post-test analysis determined 3mg/kg l-THP (n=14) administered during 

extinction significantly attenuated reinstatement of CPP p<0.001. Likewise, 3mg/kg l-

THP & 0.1mg/kg LDN (n=10) significantly attenuated reinstatement of CPP p<0.0001, 

and 0.1mg/kg LDN (n=10) showed a slight trend but non-significant attenuation of 

reinstatement of CPP compared to the vehicle group (n=14).    

 

3.3.3 3mg/kg l-THP & 0.1mg/kg LDN and spontaneous locomotion   

Animals were administered L-THP, LDN, l-THP & LDN, or vehicle i.p. daily, 

following experimental sessions. Spontaneous locomotion was recorded every fifth 

experimental session, on the CPP test days.  Spontaneous locomotion was significantly 

[F (3,176)=9.410,p<0.0001] altered by treatment administered during extinction period 

as determined by two-way ANOVA. Additional Bonferroni post-test analysis determined 

3mg/kg l-THP (n=12) significantly p<0.05 reduced spontaneous locomotion during 

extinction weeks three and four compared to vehicle (n=14), 3mg/kg l-THP & 0.1mg/kg 

LDN (n=10), and 0.1mg/kg LDN (n=10) as shown in Figure 3.3. 

 

3.3.4 Effect of 3mg/kg l-THP & 0.1mg/kg LDN on plasma β-endorphin 

In a pilot study to explore the physiological effects of l-THP & LDN, animals 

were administered 3mg/kg l-THP & 0.1mg/kg LDN or vehicle over ten consecutive days, 
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during which animals remained in their home cages, n=4 for each group.  After ten days 

plasma was harvested.  3mg/kg l-THP & 0.1mg/kg LDN did not have a significant effect 

on β-endorphin plasma concentration as determined by Student’s t-test [t(3)=2.453, 

p=0.0914] , shown in Figure 3.4. 
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Figure 3.1 The effect of high and low doses of l-THP on reinstatement of CPP. After 
formation of CPP animals were moved to extinction where cocaine pairing was 
removed and replaced with a second saline pairing. Animals were administered l-THP, 
LDN, l-THP& LDN, or vehicle daily following experimental session. Panel A shows 
the effect of the individual doses of l-THP & LDN on reinstatement of the CPP. Panel 
B shows the effect of the combination doses on the reinstatement of CPP.  In panel A 
both high and low doses significantly inhibited the reinstatement of the CPP, *p<0.05 
and **p<0.01.  In panel B both the high and low dose combination significantly 
inhibited the reinstatement of CPP, ****p<0.0001. The two combinational doses 
appeared to have the same effect despite the difference in the l-THP doses. 
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Figure 3.2 The effect of 3mg/kg l-THP on reinstatement of CPP. After formation of 
CPP animals were moved to extinction where cocaine pairing was removed and 
replaced with a second saline pairing. Animals were administered l-THP, LDN, l-
THP& LDN, or vehicle daily following experimental session. 3mg/kg l-THP had a 
significant effect when compared to the vehicle treated group, ***p<0.001.  The 
combination of 3mg/kg l-THP and LDN had an increased significant effect when 
compared to the vehicle group, ****p<0.0001.  However there was not a significant 
difference between the 3mg/kg l-THP when compared to the 3mg/kg l-THP & 
0.1mg/kg LDN. The 0.1mg/kg LDN did not have a significant impact on the 
reinstatement of CPP. 
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Figure 3.3 The effect of 3mg/kg l-THP on spontaneous locomotion. Animals were 
administered l-THP, LDN, l-THP & LDN or vehicle over the four-week extinction. 
Spontaneous locomotion was measured every fifth experimental session.  3mg/kg l-
THP significantly reduced spontaneous locomotion during treatment weeks 3 and 4 
when compared to that of the vehicle treated group, *p<0.05. 3mg/kg l-THP and 
0.1mg/kg LDN and 0.1mg/kg LDN were not significantly different from the vehicle 
treated group. 
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Figure 3.4 Effect of 3mg/kg l-THP & 0.1mg/kg on plasma β-Endorphin.  Animals 
were treated with 3mg/kg l-THP & 0.1mg/kg LDN or vehicle for four days. Plasma 
was harvested and β-endorphin was quantified using a commercially available ELISA. 
Animals treated with 3mg/kg l-THP & 0.1mg/kg LDN had a slight increase in plasma 
β-endorphin, this effect was not significant as determined by Student’s t-test 
p=0.0914. 
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3.4 Discussion 

The main objective of the present study was to determine the effect of l-THP & LDN 

on reinstatement of CPP, validating the result of the pilot study described in Chapter 2. 

We investigated the dose-response effect of two doses of l-THP used in the combination 

with LDN.  In the first experiment we observed a significant difference between the 

doses of l-THP alone, where 5mg/kg l-THP was more efficacious compared to 3mg/kg l-

THP. However, unexpectedly in the second experiment there was not a statistical 

difference in the high and low dose of l-THP & LDN combinations.  

In the literature l-THP is reported to induce a sedative effect which increases 

concurrently with administration of escalating doses.21 Comparing the locomotor effect 

of 3mg/kg l-THP and 5mg/kg l-THP (data from Chapter 2) we determined, as expected, 

5mg/kg l-THP induced a greater reduction of spontaneous locomotion. This evidence, 

together with the results of the CPP, justified the use of 3mg/kg l-THP in the latter 

studies. The second half of the present study further investigated the efficacy of 3mg/kg 

l-THP, 3mg/kg l-THP & 0.1mg/kg LDN, 0.1mg/kg LDN, and vehicle groups with the 

goal of establishing a significant difference in efficacies between the l-THP & LDN 

combination and l-THP. In addition to the increased efficacy-reducing reinstatement of 

CPP, 3mg/kg l-THP & 0.1mg/kg LDN was additionally hypothesized to reverse the l-

THP induced locomotor effects.  The results observed earlier in the spontaneous 

locomotion study with 5mg/kg l-THP & 0.1mg/kg LDN are referenced in Chapter 2. 

Much like the previous results, the combination of l-THP & LDN was more 

efficacious in blocking the reinstatement of CPP than l-THP alone.  Spontaneous 

locomotion was significantly reduced on the CPP test day of extinction weeks three and 
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four in the 3mg/kg l-THP group.  Spontaneous locomotion in the 3mg/kg l-THP & 

0.1mg/kg LDN group was not significantly different than the spontaneous locomotion 

observed in the vehicle and LDN group, and treatment with 0.1mg/kg LDN had no effect 

on spontaneous locomotion.  

The evidence presented in this study demonstrates a potential additive or synergistic 

relationship between l-THP & LDN.  LDN both increases efficacy and ameliorates 

sedative effects of l-THP, nevertheless the mechanism by which this effect occurs 

remains unknown. l-THP is well established to function primarily though modulation of 

dopaminergic signaling.22  Additionally at the present time there is no conclusive 

evidence on the mechanism of LDN action. Literature suggests LDN potential off-label 

uses is mediated though modulation of the endogenous opioids, specifically β-

endorphin.14 β-endorphin is an inherently rewarding neuropeptide and is involved in 

actions of several substances of abuse including cocaine, nicotine, and opioids.19,23-25  

Importantly to the context of this dissertation,  sub-homeostatic concentrations of β-

endorphin play a role in stress induced nicotine relapse and are a hypothesized factor in 

the relapse to other drugs of abuse. 19,26,27 Additionally, β-endorphin possesses locomotor 

stimulating properties produced via dopamine release, which could explain LDN’s 

reversal of the reduction of spontaneous locomotion induced by l-THP. 28,29  

To further investigate the hypothesis, the efficacy of l-THP & LDN will be tested in 

self-administering animals.  Although CPP and SA are both tools to model and 

understand addiction and substance abuse, there are many differences and advantages 

between the two models.  Most importantly within the scope of this dissertation, SA is 

considered a closer model to what is experienced in human addiction. 30-32 This is based 
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on the delivery method of the substance of abuse; in the CPP drugs are experimenter 

administered while in SA animals learn to administer the drug to themselves, generally 

though intravenous catheters. 33 The next studies will investigate the l-THP & LDN 

hypothesis using the SA model, ideally confirming either a potential additive or 

synergistic effect and additionally, corroborate the combination’s effect on spontaneous 

locomotion.   
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CHAPTER 4: THE EFFICACY OF l-THP & LDN IN THE 
REDUCTION OF COCAINE-SEEKING BEHAVIOR 

 
4.1 Introduction 

Relapse to drug use is perhaps the most challenging aspect of overcoming 

addiction, in fact most recovering addicts relapse to drug use at least once along their 

road to recovery.1-4 Even more challenging is the fact that relapse can be triggered by a 

wide variety of stimuli including, stress, physiological drug cravings, and environmental 

cues. It has been suggested an effective relapse prevention treatment will be cocktail like, 

targeting several of the receptors associated with drug addiction.5 Many classes of drugs 

of abuse have treatments to aid in relapse prevention; cocaine however is without an 

FDA-approved anti-addiction or relapse prevention treatment.  We propose the 

combination of l-THP & LDN as a novel combination for the prevention of cocaine 

relapse.  The combination is a cocktail-like treatment, targeting D1, D2 D3, 5-HT, GABA 

and α-adrenergic receptors through l-THP and the endogenous opioids through LDN.  

Treatment with l-THP is well established to attenuate cocaine-seeking behavior during 

reinstatement in a dose-dependent manner.6-9 Additionally; l-THP reduces drug-seeking 

behavior for a variety of other addictive drugs including heroin, methamphetamine, and 

oxycodone.10-12 

 In an attempt to ameliorate the sedative side effect associated with the l-THP, we 

discovered the efficacy of l-THP is also increased when combined with LDN.   The use 

of LDN, as an off-label NTX treatment for autoimmune diseases including multiple 

sclerosis and Crohn’s, is becoming increasingly common in medical practices.  LDN is 

hypothesized to function via regulation of endogenous opioids.  
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In Chapter 3, both combinations of 3m/kg and 5mg/kg l-THP & 0.1mg/kg LDN more 

efficiently reduced reinstatement of CPP compared to the compounds administered alone.   

In the present study we will utilize a second addiction model, self-administration (SA), to 

further investigate the effect of l-THP & LDN on self-administration, drug-seeking 

behavior during cocaine reinstatement, and additionally validate the locomotor effects of 

l-THP, LDN, and l-THP & LDN. 

 

4.2 Materials and Methods 

Animals: Experimentally naïve male Wistar rats (Charles River Laboratories, Raleigh 

NC, USA) weighing 250-300g were used for all experiments.  Animals were housed 

individually in a reverse light/dark cycle, with lights off at 7:00 and lights on at 19:00 and 

were given ad libitum access to food and water.  All experimental procedures were 

conducted in accordance with the Guide of the Care and Use of Laboratory Animals of 

the U.S. National Academy of Sciences and were approved by the ACUC of University 

of Maryland and the National Institute of Drug Abuse and the National Institutes of 

Health.  

Cocaine Self -Administration  

Surgery: Animals were prepared for SA experiments by surgical catheterization of right 

external jugular vein.  Venous catheters, constructed of MicroRenathane,  (inner 

diameter, 0.012 inches; outer diameter, 0.025 inches; Braintree Scientific) were inserted 

1.2 cm into the right jugular and catheterization was performed under sodium 

pentobarbital anesthesia (65mg/kg i.p.) using standard aseptic surgical procedures. 

Catheters exited jugular vein and passed subcutaneously to the top of the skull where they 
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were connected to a modified 24-gauge cannula (Plastics One, Roanoke, VA, USA) and 

mounted to skull using jeweler’s screws and dental acrylic.  During experimental 

procedures catheters were connected to infusion pump via tubing incased in a protected 

metal spring from head mount to top of the chamber.  

Apparatus: Intravenous (i.v.) SA experiments were conducted in operant test response 

chambers 32 x 25 x 33cm (MED Associates Inc. St. Albans, VT USA).  House lights 

were illuminated at beginning of each session. Each test chamber included two test 

levers, one active and one inactive. Depression of the active lever activated infusion 

pump; depression of inactive lever was counted but had no consequence. A cue light and 

a speaker were located 12 cm above the active lever. To aid acquisition and maintenance 

of drug SA behavior, each drug infusion was paired with a conditioned cue-light and a 

cue-sound (tone). Scheduling of experimental events and data collection were executed 

using MED Associates software. 

General Procedures: The procedures used were previously described in Xi et al 2006.  

Briefly Animals were allowed to recover from surgical catheterization, once recovered 

animals were placed in the operant chamber and allowed to lever press for i.v. cocaine 

(1mg/kg/infusion) delivered in 0.08ml over 4.6s on an FR1 reinforcement schedule.  

During 4.6s additional lever presses were recorded but did not result in additional 

infusions. After achieving stable cocaine SA, animals were transitioned to 

0.5mg/kg/infusion on a FR1 schedule and transitioned to the final schedule of 

0.5mg/kg/infusion on a FR2 schedule. Each experimental session lasted three hours. 
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Cocaine SA under FR2 Reinforcement: Animals SA on 0.5mg/kg/infusion on an FR2 

schedule, stable SA was defined as less than 10% variability over three consecutive days.  

To avoid overdose animals were limited to a maximum of 50 cocaine infusions per 

session.  After stable rates of SA were reached, animals were randomly selected to 

receive doses of l-THP (3, 5, and 10mg/kg), LDN (0.1mg/kg) or the combination 

treatment (3, 5, and 10mg/kg combined with 0.1mg/kg LDN) i.p.  Animals returned to 

cocaine SA baseline prior to testing the next drug.  The order of the dosing was 

counterbalanced according to Latin square design.   

Cocaine Reinstatement: Following SA experiments animals were transitioned to 

extinction where depression of the previously active lever resulted in no infusion, cue, or 

light signal.  Infusion syringes were filled with physiological saline. Animals were 

randomly assigned to one of the extinction treatment schedules described in Table 4.1.  

Table 4.1 Reinstatement treatment groups  

Cocaine SA  Extinction Treatment 
(daily) 

Reinstatement Treatment 

0.5mg/kg/inf. 
FR2  

Single 
Pretreatment  

No Treatment (n=5) 3mg/kg l-THP & 0.1mg/kg 
LDN 30 min prior  
cocaine 10mg/kg i.p. 

No Treatment (n=9) 5mg/kg l-THP & 0.1mg/kg 
LDN 30 min prior  
cocaine 10mg/kg i.p. 

Repeated 
Daily 
Treatments  

0.1mg/kg LDN (n=6) Cocaine 10mg/kg i.p. 
3mg/kg l-THP (n=9) Cocaine 10mg/kg i.p. 
5mg/kg l-THP (n=10) Cocaine 10mg/kg i.p. 
3mg/kg l-THP & 
0.1mg/kg LDN (n=10) 

Cocaine 10mg/kg i.p. 

5mg/kg l-THP & 
0.1mg/kg LDN (n=11) 

Cocaine 10mg/kg i.p. 

Vehicle (n=7) Cocaine 10mg/kg i.p.  
Directly following each experimental session animals were weighed and given an i.p. 

treatment injection corresponding with their assigned group. Extinction continued until 
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animals responded no more than 10% of active lever presses achieved during cocaine SA 

over three hour experimental session.  Twenty-four hours after extinction was achieved, 

animals were reinstated using i.p. 10mg/kg cocaine. During cocaine reinstatement the 

chamber light and environmental cues remained off.   

 

 

 

Spontaneous Locomotor Activity: Locomotor experiments were conducted in VersaMax 

open field test chambers 40cm x 40cm (Omnitech Electronics Inc. Columbus, OH USA).  

Animals were weighed prior to each experimental session to ensure accurate dosing. 

Habituation and baseline were established over three days Animals were randomly 

assigned to one of six treatment groups: vehicle, 3mg/kg l-THP, 5mg/kg l-THP, 0.1mg/kg 

LDN, 3mg/kg l-THP & 0.1mg/kg LDN and 5mg/kg l-THP & 0.1mg/kg LDN. Animals 

Days
0 1 2 3 4 5 6 7 8 9 10111213141516171819202122232425

Extinction:daily treatments
post training session

Stable cocaine self-administration

Reinstatement 10mg/kg cocaine i.p.

b.

Days
0 1 2 3 4 5 6 7 8 9 10111213141516171819202122232425

Extinction: No treatment
Stable cocaine self-administration

Reinstatement 10mg/kg cocaine i.p.

30min single pretreatment

a.

Figure 4.1 Panel A schedule of reinstatement experimental timeline comparing single 
pretreatment and panel B daily repeated treatments.  
	  

A. 

B
. 
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were placed into open field chambers for one hour, after which animals were removed, 

injected (i.p.) with the assigned treatment, and placed back into the chamber for second 

hour.  The locomotor activity recorded during the second hour was used to calculate the 

locomotor score. L-THP, LDN, l-THP & LDN, or vehicle were administer over ten 

continuous days; ten days was used in this experiment as a typical extinction treatment 

period in reinstatement experiments is ten days.  Locomotion score was calculated by 

subtracting baseline average from total movements after injections.  

Drugs: The drugs used in the current study are as follows. Cocaine hydrochloride (obtain 

from NIDA) was dissolved in physiological saline. l-THP was obtained from the lab of 

Stephen Hoag at the University of Maryland, Baltimore.  l-THP was dissolved in 0.1M 

H2SO4 brought to a pH of 5.5 ± 0.2 with 0.1M NaOH and then brought final to correct 

volume with sterile water.  NTX (Sigma) was dissolved in l-THP solution. The 0.1M 

H2SO4/0.1M NaOH/ sterile water solution pH of 5.5 ± 0.2 was used as vehicle.  

Additionally, to ensure the solutions were free of any contaminates, each was syringe 

passed through 0.22µM filters.   

Data Analysis: Statistical analysis was performed using GraphPad Prism 5 for Windows. 

Data is presented as mean ± S.E.M.  One-way and two-way ANOVAs followed by 

Bonferroni post-test analysis were used for comparisons between groups. Locomotion 

score was used for statistical analysis, which was defined as test day value with baseline 

removed and baseline was defined as the average of locomotion scores on days one-three.  

Acceptable level of statistical significance for all tests was p<0.05.    

 

4.3 Results  
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4.3.1 Effect of l-THP & LDN on cocaine self-administration  

Animals acquired stable cocaine self-administration over fourteen experimental 

sessions (111.9 ±3 .975 responses).  After stable self-administration pretreatments of l-

THP, LDN, and l-THP & LDN were administered i.p. thirty minutes prior to the 

experimental session. Pretreatment with l-THP resulted in an almost biphasic like effect 

on drug-taking behavior. The low doses of l-THP (3mg/kg l-THP n=7 and 5mg/kg l-THP 

n=7) produced an initial increase of self-administration, whereas the high dose of l-THP 

(10mg/kg l-THP n=7) induced sedation and reduced cocaine self-administration. One-

way ANOVA determined a significant main effect of l-THP, LDN, and l-THP & LDN [F 

(7,59)=11.56, p<0.0001].  As seen in Figure 4.2, Bonferroni post-test analysis 

demonstrated a significant reduction of cocaine self-administration in both 10mg/kg l-

THP and 10mg/kg l-THP & 0.1mg/kg LDN combination (n=7, p<0.05).  Animals 

administered LDN (0.1mg/kg LDN n=7) exhibited no change of cocaine-taking behavior.  

Treatment with the combination l-THP & LDN (3mg/kg l-THP & 0.1mg/kg LDN n=7 

and 5mg/kg l-THP & 0.1mg/kg LDN n=7) had comparable effects to their respective 

doses of l-THP alone.  After pretreatment animals self-administered cocaine for two 

experimental sessions before next pretreatment, and treatments were counter balanced 

according to Latin square design. 

4.3.2 Single pretreatment of l-THP & LDN on drug-seeking behavior during 

reinstatement  

Drug-seeking behavior was determined as extinguished when active lever 

responses decreased to less than 10% of the responses achieved over stable cocaine self-

administration experimental sessions (6.500 ± 1.417 responses). A single pretreatment of 
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l-THP & LDN (3mg/kg l-THP & 0.1mg/kg LDN n=5 and 5mg/kg l-THP & 0.1mg/kg 

LDN n=9) administered thirty minutes prior to cocaine reinstatement significantly 

attenuated cocaine-seeking behavior determined by two-way ANOVA [F (2,63)=3.54, 

p=0.035].  As shown in Figure 4.3, Bonferroni post-test analysis demonstrated treatment 

with both the 3mg/kg l-THP & 0.1mg/kg LDN (p<0.05) and the 5mg/kg l-THP & 

0.1mg/kg (p<0.01) significantly inhibited reinstatement of cocaine-seeking behavior 

compared to the vehicle group (n=7). 

4.3.3 Ten-day treatment of l-THP & LDN on drug-seeking behavior during 

reinstatement   

We wanted to compare the effect on drug-seeking behavior of a single 

pretreatment to the effect of a daily repeated treatment. Drug-seeking behavior was 

determined as extinguished when active lever responses decreased to less than 10% of the 

responses achieved over stable cocaine self-administration experimental sessions (6.340 

± 1.602 responses). Animals were administered daily i.p. injections of l-THP (3mg/kg 

n=9 and 5mg/kg n=10), LDN (0.1mg/kg n=6) or l-THP & LDN (3mg/kg l-THP & 

0.1mg/kg n=10 and 5mg/kg l-THP & 0.1mg/kg n=11) combination, or vehicle (n=7) 

treatments directly following extinction experimental sessions.  Extinction was reached 

when active lever responses were less than 10% of the responses of stable cocaine self-

administration (7.194 ± 1.147 responses).   On the day of cocaine reinstatement animals 

received no additional l-THP, LDN, or l-THP & LDN injections.  All treatments 

administered over the extinction-period significantly inhibited reinstatement as 

determined by one-way ANOVA [F (5,51)=9.085, p<0.0001]. As shown in Figure 4.4C, 

Bonferroni post-test analysis demonstrated significantly inhibited drug-seeking in the 
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0.1mg/kg LDN (p<0.05), 3mg/kg l-THP (p<0.01), 3mg/kg l-THP & 0.1mg/kg LDN 

(p<0.001), 5mg/kg l-THP (p<0.001), and 5mg/kg l-THP & 0.1mg/kg LDN (p<0.0001) 

groups.  

4.3.4 Effect of ten-day treatment of l-THP & LDN on spontaneous locomotion  

Animals were administered l-THP, LDN, or l-THP & LDN daily for ten consecutive 

days. The length of ten days was determined based on length of extinction period in the 

reinstatement experiments.  Baseline was created using the average of the spontaneous 

locomotion measurements, which were taken over the three consecutive days (3381 ± 

168.1 cm average baseline).  Baseline was subtracted from total movements for each day; 

n was 6 for all groups. As seen in Figure 4.5A, animals receiving 3mg/kg and 5mg/kg l-

THP exhibited a significant reduction of spontaneous locomotion over the sixty minutes 

as determined by two-way ANOVA [F (2,140)=22.34, p<0.0001]. Animals receiving 

LDN exhibited no change in spontaneous locomotion.  As shown in Figure 4.5B, both 

combinations of l-THP & LDN did not affect spontaneous locomotion. Overall, treatment 

significantly affected the spontaneous locomotion determined by two-way ANOVA  [F 

(5,281)=23.48, p<0.0001] on drug treatment days while the day of treatment did not 

significantly affect spontaneous locomotion [F (9,281)=18, p=0.9961]. As shown in 

Figure 4.5C, Bonferroni post-test analysis demonstrated 3mg/kg l-THP & 0.1mg/kg 

significantly reversed the reduction of spontaneous locomotion of 3mg/kg l-THP on day 

6 (p<0.05), day 7 (p<0.01), day 8 (p<0.0001), day 11 (p<0.05), as well as day 12 and 13 

(p<0.01). While the change in spontaneous locomotion between 5mg/kg l-THP and 

5mg/kg l-THP & 0.1mg/kg LDN showed a similar pattern (Figure 4.5D), to that seen in 

the 3mg/kg l-THP and 3mg/kg l-THP & 0.1mg/kg LDN, the change was not significant. 
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Figure 4.2: Effect of pretreatment of l-THP and LDN on cocaine self-
administration.  After animals achieved stable cocaine self-administration, animals 
were administered l-THP, LDN, or l-THP & LDN thirty minutes prior to 
experimental session.  i.p. administration of l-THP produced an almost  biphasic 
effect – low doses (3 or 5 mg/kg) increased, while a high dose (10 mg/kg) induced 
sedation inhibiting cocaine self-administration. *p<0.05 compared to vehicle 
treatment. LDN (0.1 mg/kg) neither altered cocaine self-administration by itself, nor 
altered l-THP’s biphasic effects on cocaine self-administration behavior. Values are 
expressed as mean ± SEM. 
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Figure 4.3: Effect of single pretreatment of l-THP and LDN on cocaine reinstatement. 
The experimental session following extinction, animals were administered i.p. 
injections of l-THP and LDN thirty minutes prior to a priming dose of 10mg/kg 
cocaine. (3mg/kg & 0.1mg/kg and 5mg/kg & 0.1mg/kg) dose-dependently and 
significantly inhibited reinstatement of cocaine-seeking behavior assessed by active 
lever presses *p<0.5, **p<0.01 respectively, compared to vehicle group. Values 
expressed as mean ± SEM. 
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Figure 4.4 Effect of ten days administration of l-THP and LDN on cocaine 
reinstatement.  Animals received i.p. injections for ten days until extinction was 
reached. The experimental session following animals were primed with 10mg/kg 
cocaine and placed back into operant chambers. Panel A and B show the extinction 
timeline, arrows representing administration of l-THP (3mg/kg and 5mg/kg), LDN 
(0.1mg/kg) or l-THP and LDN combinations (3mg/kg & 0.1mg/kg and 5mg/k & 
0.1mg/kg). Panel C shows significantly inhibited reinstatement drug-seeking behavior 
assessed by active lever responses, expressed as mean ± SEM. Both the combination 
of 3mg/kg l-THP & 0.1mg/kg LDN and 5mg/kg l-THP & 0.1mg/kg LDN were more 
efficacious than any of the single doses *p<0.5, **p<0.1, ***p<0.001, ****p<0.0001 
when compared to vehicle group. 



	  
	  

73 
	  

 

 

 

 

 

 

 

 

 

   

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e
)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e
)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e

)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e

)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

* ** ****
* ** **

3mg/kg l-THP
5mg/kg l-THP

Vehicle
0.1mg/kg LDN

3mg/kg l-THP & 0.1mg/kg LDN

5mg/kg l-THP & 0.1mg/kg LDN

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e
)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e
)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e

)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

Lo
co

m
ot

io
n 

Sc
or

e
(c

m
tre

at
m

en
t-

 c
m

ba
se

lin
e

)

4 5 6 7 8 9 10 11 12 13-6000

-4000

-2000

0

2000

4000

6000

Baseline Drug Treatment

* ** ****
* ** **

3mg/kg l-THP
5mg/kg l-THP

Vehicle
0.1mg/kg LDN

3mg/kg l-THP & 0.1mg/kg LDN

5mg/kg l-THP & 0.1mg/kg LDN

Figure 4.5 Effect of ten day treatment of l-THP & LDN on spontaneous 
locomotion. Animals established a baseline over three consecutive days, following 
that they were given i.p. injections of the assigned treatments for ten days. Values 
are expressed as mean of the locomotor score ± SEM.  Treatment had a significant 
effect on spontaneous locomotion ****p<0.0001. Panel A shows l-THP (3mg/kg 
and 5mg/kg) produced a dose-dependent reduction on locomotion and LDN (0.1 
mg/kg) had no effect on locomotion. Panel B shows effect of co-administration of l-
THP & LDN. Panel C shows the comparison of the spontaneous locomotor effects 
of 5mg/kg l-THP alone and 5mg/kg l-THP & 0.1mg/kg LDN.  Panel D shows the 
comparison of the spontaneous locomotor effects of 3mg/kg l-THP alone and 
3mg/kg l-THP & 0.1mg/kg LDN.  The combination of 3mg/kg l-THP & 0.1mg/kg 
LDN significantly reversed the reduction of spontaneous locomotion on days 6-8; 
*p<0.05, **p<0.01, and ****p<0.0001 and on days 11-13; *p<0.05, **p<0.01.   
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4.4 Discussion 

Combination medications are becoming increasingly commonplace and are notably 

effective when used to treat mental disorders due to the complexity of the involved 

systems.3,14  However, to date the majority of pharmaceuticals developed for the 

treatment of substance abuse disorders have one receptor target. The combination of l-

THP & LDN has multiple receptor targets including dopaminergic signaling as well as 

the regulation of endogenous opioids.  In the present study we provide evidence that l-

THP & LDN is more efficacious with fewer side effects than l-THP alone.  

l-THP elicits a somewhat biphasic effect on cocaine self-administration, a result 

consistent with previous studies.15 Lower doses of l-THP increased cocaine self-

administration and more specifically decreased time required to achieve the maximum 

number of infusions.  The increase in cocaine self-administration is attributed to blockade 

of postsynaptic DA receptors, which decrease rewarding properties of cocaine leading to 

an initial burst of drug taking in an attempt to overcome the diminished reward.  The 

higher doses of l-THP drastically reduced cocaine self-administration. Experimental 

observations however revealed that the animals were highly sedated.   We therefore 

cannot make conclusions on whether reduction of cocaine self-administration is due to 

reduced motivational state or if the animals were unable to ambulate towards the lever. 

For this reason the 10mg/kg l-THP dose was excluded in the latter reinstatement 

experiments.  As we anticipated, pretreatment with LDN had no effect on self-

administration behavior. Consistent with this finding, there was no observable difference 

in cocaine self-administration between animals receiving l-THP & LDN and l-THP alone.  
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l-THP is well established to dose-dependently attenuate cocaine-seeking behavior 

during reinstatement.6-9 For this reason we did not test the effect of an l-THP 

pretreatment on cocaine-seeking behavior. The pretreatment of l-THP & LDN 

significantly dose-dependently attenuated cocaine-seeking behavior during reinstatement 

similar to what is previously reported on l-THP.  

In the present study we investigated the effect of a ten-day treatment on drug-seeking 

behavior during reinstatement.  This dosing schedule is designed to follow a more 

relevant timeline, as treatments in the clinic are most often given as daily repeated doses 

rather than as single treatment prior to a relapse.3,16-18  Cocaine reinstatement occurred 

between 18-20 hours after final dosing.   Half-lives of l-THP and NTX are ten hours and 

four hours respectively, leaving less than 25% and 3.125% of the bolus doses of l-THP & 

LDN biologically available at the time of reinstatement.  In combination the ten- day 

treatment with l-THP & LDN significantly attenuated reinstatement to drug-seeking 

behavior.  As expected, l-THP alone dose-dependently attenuates drug-seeking behavior 

during cocaine reinstatement.  Unexpectedly, we found ten-day administration of LDN 

also significantly attenuated reinstatement. To our knowledge we are the first to report l-

THP administered on this schedule significantly attenuates drug-seeking behavior and is 

as effective as a single pretreatment of l-THP. A previous study by Gerrits et. al. (2005) 

found 3mg/kg NTX attenuates cocaine reinstatement only when given as a repeated daily 

treatment using a dosing schedule similar to the one employed in this study. The authors 

cited this effect as evidence of the connection to the endogenous opioid system, 

specifically between β-endorphin and cocaine.  They further speculated that animals 

receiving 3mg/kg NTX had a decreased drug-seeking motivational state.19 The results of 
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this study support our hypothesis that LDN, mediated by β-endorphin, decreases 

reinstatement of drug-seeking behavior. 

The ten-day administration of l-THP reduced spontaneous locomotion in both 3 and 

5mg/kg doses, which are consistent with previous experimental results.15,20 Co-

administration of 3 and 5mg/kg of l-THP with 0.1mg/kg LDN reversed the reduction of 

spontaneous locomotion, yet LDN alone did not have this effect. This suggests that while 

LDN depresses some sedative effects of l-THP, LDN itself is not motor stimulatory.  This 

effect is thought to be mediated through brief opioid receptor antagonism leading to a 

compensatory β-endorphin release.21 β-endorphin then in turn induces the release of DA 

in the NAc via blockade of µ-opioid receptors on GABAergic neurons in the VTA.22,23 

 The mechanisms underlying the efficacy of l-THP & LDN remain unclear.   Our 

lab established that treatment with l-THP facilitates DA release in the NAc.  In an l-THP 

and nicotine study, microdialysis was used to record an l-THP induced increase of DA in 

the NAc. Pretreatment of l-THP induced a 1.5 fold increase of basal DA in the NAc.  In 

the same study l-THP pretreatment significantly reduced nicotine-induced DA release, 

demonstrating l-THP can diminish drug induced DA release.  In addition to l-THP, LDN, 

as described previously, is hypothesized to mediate release of endogenous opioids.15,24  

We hypothesize that the increased β-endorphin release combined with the dopaminergic 

modulation of l-THP reduces drug craving experienced during withdrawal.  This 

reduction in drug craving correlates with attenuated drug-seeking behavior observed 

during reinstatement. Additionally, β-endorphin release is known to increase spontaneous 

locomotion in rodents via DA release in the NAc.23,25 The combined DA modulation and 
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β-endorphin release may explain both the attenuated drug-seeking behavior as well as 

spontaneous locomotor effect of animals administered  l-THP & LDN.  

In summary of evidence presented, both the efficacy and the reduction of the 

sedative effects of l-THP demonstrate promise for the combination of l-THP & LDN in 

the prevention of cocaine relapse.  The l-THP & LDN combination is expected to work 

though facilitating release of endogenous opioids and DA, allowing dopaminergic 

signaling in the brain to return to normal pre-addicted homeostasis.  The future studies 

will be focused on uncovering the mechanisms behind the behavioral effects induced by 

l-THP & LDN.   
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CHAPTER 5: INVESTIGATING THE MECHANISM 
UNDERLYING THE BEHAVIORAL EFFECTS OF l-THP & 

LDN 
 

5.1 Introduction 

The combination of l-THP & LDN has repeatedly, in both the CPP and SA drug 

addiction models, reduced drug-seeking behavior and reversed sedative locomotor effects 

of l-THP.  As previously described, l-THP is a purified alkaloid isolated from the herb 

Corydalis yanhusuo, a plant native to China. 1,2 Primarily acting as a modest dopamine 

receptor antagonist, it attenuates drug-seeking behavior of cocaine, oxycodone, and 

heroin in rodents. 3-10 Additionally, l-THP possesses 5-HT and α-1 adrenergic receptor 

antagonistic activity, and affinity for GABAA as an allosteric modulator. NTX, a µ-opioid 

antagonist, is FDA approved for treatment of alcoholism and opioid detoxification.  NTX 

at therapeutic doses has had some success attenuating cocaine-seeking behavior in 

rodents but is not significantly effective in human trials.11-15 LDN is defined in the 

literature as less than 4mg per day in humans, roughly converting to a dose less than 

0.5mg/kg in rodents.16-19 The hypothesis cited in the literature states that at low 

concentrations NTX briefly antagonizes opioid receptors resulting in a homeostatic 

rebound and release of endogenous opioids.  

As stated earlier, l-THP & LDN combination consistently attenuates the reduction of 

spontaneous locomotion induced by DA antagonism of l-THP.  However the mechanism 

behind the observed behavioral effects remains unclear.   We predict this combination  

functions through modulation of endogenous opioid via auto-regulation of µ-opioid 

receptors, resulting in a homeostatic rebound of β-endorphin.  β-endorphin is a major 

component of cocaine acquisition, maintenance, and relapse.20-22 Additionally, β-
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endorphin possesses locomotion stimulating properties by eliciting DA release in the 

NAc.23 We hypothesize that effectiveness of the combination l-THP & LDN is attributed 

to the modulation of β-endorphin.  In the present study, we investigated the effect of 

3mg/kg l-THP & 0.1mg/kg LDN on plasma β-endorphin as well as on the expression of 

POMC mRNA in the Arc.   POMC is a recognized indicator for brain levels of β-

endorphin and its upregulation in the Arc is correlated with increased β-endorphin 

concentrations in the brain.  

 

5.2 Materials and Methods  

Animals: Experimentally naïve male Wistar rats (Charles River Laboratories, Raleigh 

NC, USA) weighing 250-300g were used for all experiments.  Animals were housed 

individually in a reverse light/dark cycle, with lights off at 7:00 and lights on at 19:00 and 

were given ad libitum access to food and water.  All experimental procedures were 

conducted in accordance with the Guide of the Care and Use of Laboratory Animals of 

the U.S. National Academy of Sciences and were approved by the ACUC of University 

of Maryland and the National Institute of Drug Abuse and the National Institutes of 

Health.  

Self–Administration and Forced Abstinence 

Surgery: Animals were prepared for SA experiments by surgical catheterization of right 

external jugular vein.  Venous catheters which were constructed of MicroRenathane inner 

diameter, 0.012 inches; outer diameter, 0.025 inches; Braintree Scientific) and was 

inserted 1.2 cm into the right jugular, catheterization was performed under sodium 

pentobarbital anesthesia (65mg/kg i.p.) with standard aseptic surgical procedures. 
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Catheters exited jugular vein and passed subcutaneously to the top of the skull where they 

were connected to a modified 24-gauge cannula (Plastics One, Roanoke, VA, USA) and 

mounted to skull using jeweler’s screws and dental acrylic.  During experimental 

procedures catheters were connected to infusion pump via tubing incased in a protective 

metal spring from head mount to top of the chamber.  

Apparatus: Intravenous (i.v) SA experiments were conducted in operant test response 

chambers 32 x 25 x 33cm (MED Associates Inc. St. Albans, VT USA).  House lights 

were illuminated at beginning of each session. Every test chamber contained two test 

levers, one active and one inactive. Depression of the active lever activated infusion 

pump; depression of inactive lever was counted but had no consequence. A cue light and 

a speaker were located twelve cm above the active lever. To aid acquisition and 

maintenance of drug SA behavior, each drug infusion was always paired with a 

conditioned cue-light and a cue-sound (tone). Scheduling of experimental events and data 

collection were accomplished using MED Associates software 

General Procedures: The procedures used were previously described in Xi et al (2006).  

Briefly Animals were allowed to recover from surgical catheterization.  After they were 

placed into operant chamber and allowed to lever press for i.v. cocaine (1mg/kg/infusion) 

delivered in 0.08mL over 4.6 seconds on an FR1 reinforcement schedule.  During 4.6 

seconds additional lever presses were recorded but did not result in additional infusions. 

After achieving stable cocaine SA, animals were transitioned to 0.5mg/kg/infusion on a 

FR1 schedule and transitioned to the final schedule of 0.5mg/kg/infusion on a FR2 

schedule. Each experimental session lasted three hours. 
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Cocaine SA under FR2: Animals were allowed to self-administer on 0.5mg/kg/infusion 

on an FR2 schedule. Stable SA was defined as less than 10% variability over three 

consecutive days.  To avoid overdose animals were limited to a maximum of 50 cocaine 

injections per session.  

 Sucrose SA: Procedures for sucrose SA were identical to the procedure for cocaine SA 

and extinction with the following exceptions: 1) No surgery was performed on animals 

during experiment. 2) Active lever presses resulted in delivery of 0.1mL of a 5% sucrose 

solution into a food tray in the operant chamber.  

Withdrawal: After self-administering cocaine or sucrose for thirteen experimental 

sessions animals were moved to extinction.  Animals remained in home cages and 

received treatment injections once every 24 hours. On extinction day seven animals were 

placed back into chambers to measure craving, as determined by active lever presses.  

Animals were sacrificed thirty minutes after the following final experimental session 

(Figure 5.1) tissues and plasma were harvested.  All experimental procedures were 

conducted in accordance with the Guide of the Care and Use of Laboratory Animals of 

the U.S. National Academy of Sciences and were approved by the IACUC of the 

University of Maryland Baltimore. 

 

Figure 5.1 Experimental Timeline: SA, withdrawal and tissue collection  
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Tissue Sample Collection:  

Thirty minutes after final experimental session animals were rapidly sacrificed via 

decapitation.  Brains were quickly removed and immersed in dry ice chilled methyl-

butane for ten seconds and stored in OCT medium (Tissue Tek) at -80 °C.  Blood was 

collected from the trunk post decapitation and stored in Lavender Vaccutainer Tubes 

containing EDTA (Becton Dickinson Franklin Lakes, NJ, USA). Blood was transferred to 

centrifuge tubes containing aprotinin.   Blood samples were centrifuged at 1,600xg for 

fifteen minutes at 4 °C and the plasma was removed and stored at -80 °C.  

Quantification of plasma β-Endorphin: 

 β-Endorphin was quantified using a commercially available EIA kit (Phoenix 

Pharmaceuticals, Hayward CA). Plasma was acidified using equal amounts Buffer A and 

centrifuged at 10,000x g for 20 minutes at 4°C.  A SEP-column was equilibrated using 

washing buffer B followed by washing buffer A.  Plasma was loaded on to the column 

and washed three times with buffer A.  Peptides were eluted using buffer B and the eluent 

was collected into a polystyrene tube, evaporated and stored at -20 °C. Peptides were 

reconstituted with 125mL assay buffer.  Absorbance was read at 450nm.  Samples were 

diluted to 50X.   

RNAscope in situ hybridization for POMC mRNA: 

 OCT embedded brains were mounted on cryostat platform with OCT medium. Tissue 

was sectioned at the Arc, beginning at approximately and -1.7mm to -3.96mm Bregma as 

determined from the Rat Brain Atlas (Paxions and Watson), 0.14uM tissue slices were 

mounted on Super Gold Plus Slides (Fisher Science). Tissue sections were fixed in 10% 

Formalin for fifteen minutes at 4 °C. Slides were dehydrated in ethanol baths 50%, 70%, 
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100%, and 100% at room temperature.  Tissues were then incubated in Pretreatment 4 

from the RNAscope Pretreatment Kit (310020, Advanced Cell Diagnostics, Hayward, 

CA) for fifteen minutes at room temperature. Slides were dried and probe for POMC was 

added for two-hour incubation in hybridization oven.  Hybridization oven was maintained 

at 40°C for all incubations. Four amplification steps in alternating thirty minute and 

fifteen minute incubations intervals in hybridization oven followed probe hybridization.  

After each amplification step slides were washed two times in 1X wash buffer for two 

minutes.  DAPI was added to slides for ten seconds and cover slipped with Flurogel.  

 

Figure 5.2 Arcuate nucleus of the hypothalamus (Source: Paxinos and Watson, Rat Brain 

Atlas) 

Imaging and Fluorescent Intensity: Wide-field fluorescent images of arcuate nucleus 

(Arc) were captured using Nikon Eclipse Ti-E using a X 20 objective images were 

deconvoluted using NIS-elements software pseudo-colored (POMC red, Ubc, green, and 
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DAPI blue) Processing and Analysis by Java (ImageJ, NIH) was used to quantify total 

mRNA signal 

Drugs: The drugs used in the present study were as followed. Cocaine hydrochloride, 

obtained from NIDA, was dissolved in physiological saline. l-THP was obtained from the 

lab of Stephen Hoag at the University of Maryland, Baltimore.  l-THP was dissolved in 

0.1M H2SO4 brought to a pH of 5.5 ± 0.2 with 0.1M NaOH and then brought final to 

correct volume with sterile water.  NTX (Sigma) was dissolved in l-THP solution. The 

0.1M H2SO4/0.1M NaOH/ sterile water solution pH of 5.5 ± 0.2 was used as vehicle.  

Additionally, to ensure the solutions were free of any contaminates, each was syringe 

passed through 0.22µM filters.   

Data Analysis: Statistical analyses were performed using GraphPad Prism 5.00 for 

Windows. Data is presented as mean ± SEM.  Student’s t-test, one-way, and two-way 

ANOVAs followed by Bonferroni post-test analysis was used for comparisons between 

groups where appropriate.  Locomotion score was defined as test day value with baseline 

removed, baseline was defined as the average of locomotion scores on days one-three.  

Acceptable level of statistical significance for all tests was p<0.05.    

5.3 Results 

5.3.1 Effect of 3mg/kg l-THP & 0.1mg/kg LDN on drug-seeking during forced 

abstinence   

After thirteen experimental sessions animals achieved stable self-administration 

of either cocaine (106.9 ± 0.8680 responses) or sucrose (107.9 ± 1.225 responses) as 

shown in Figure 5.3A.   Animals were then moved to forced abstinence where they were 

administered i.p. injections in their home changes every twenty-four hours.  There were 
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five animals in each of the treatment groups. Animals were placed back into the SA 

chamber on day 23 with drug infusions, sounds, and lights removed.  Treatment during 

forced abstinence significantly affected active lever responses on day 23, determined by 

one-way ANOVA, [F (3,19)=3.413, p=0.0431].   As seen in Figure 5.3B, post hoc 

student’s t-test demonstrated 3mg/kg l-THP and 3mg/kg l-THP & 0.1mg/kg LDN 

significantly rescued active responses compared to vehicle groups [t (8)=2.354 

p=0.0464] and [t (8)=3.581 p=0.0072] respectively. 

5.3.2 Effect of 3mg/kg l-THP & 0.1mg/kg LDN on concentrations of plasma β-

endorphin during cocaine forced abstinence  

Plasma samples were collected thirty minutes following the conclusion of the 

experimental session on day 23.  Treatment received during cocaine forced abstinence 

significantly altered β-endorphin plasma concentration on day 23 determined by one-way 

ANOVA [F (3,39)=3.923, p=0.0160]. There were five animals in each of the treatment 

groups. As shown in Figure 5.4, Bonferroni post-test analysis determined 3mg/kg l-THP 

& 0.1mg/kg LDN significantly increased plasma β-endorphin compared to the vehicle 

group and the 3mg/kg l-THP group, (p>0.05) for both. There was no significant 

difference between 3mg/kg l-THP and the cocaine vehicle treated group. Additionally, 

there was no significant difference between sucrose self-administering group and cocaine 

self-administering 3mg/kg l-THP & 0.1mg/kg LDN group.   

5.3.3 Effect of l-THP & LDN on POMC expression during cocaine abstinence  

Brains were rapidly harvested, snap frozen thirty minutes following completion of 

the last experimental session on day 23, and sliced 0.14µM thick and mounted to slides. 

There were five animals in each of the treatment groups and six slices were analyzed 
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from each animal, for a total of thirty slices per group.  Samples of the analyzed images 

are shown in Figure 5.5A. Treatment during cocaine forced abstinence significantly 

effected POMC mRNA expression on day 23 determined by one-way ANOVA [F 

(3,119)=6.529, p=0.0004]. As seen in Figure 5.5B, Bonferroni post-test analysis 

determined the treatment condition of 3mg/kg l-THP & 0.1mg/kg LDN significantly 

increased hypothalamic POMC when compared to both the vehicle group and the 3mg/kg 

l-THP group, p>0.01 and p>0.05 respectively. Additional Bonferroni post-test analysis 

determined significantly different hypothalamic POMC expression between sucrose 

vehicle group and cocaine vehicle group, (p>0.05).  There was no significant difference 

of hypothalamic POMC expression between the 3mg/kg l-THP group and the vehicle 

group. 
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Figure 5.3 Self-administration and drug seeking behavior Panel A shows the active 
and inactive lever presses over the course of the experimental timeline. There was no 
statistical difference in stable self-administration between the groups. Panel B 
compares drug-seeking behavior measured by active lever presses.  After 13 self-
administrations sessions animals were moved to forced abstinence where the received 
treatment in their home cages for ten days.  On day 23 they were placed back into the 
operant chambers, with all cues and rugs removed, values are expressed as mean ± 
SEM; There was a significant difference in active lever responses on day 23 
*p=0.0371.   Student’s t-test determined a significant difference between the cocaine-
vehicle group and the cocaine- 3mg/kg l-THP & 0.1mg/kg LDN group **p=0.0073.  
There was also less significant difference between cocaine-vehicle group and cocaine 
3mg/kg l-THP group *p=0.0464. 
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Figure 5.4 Mean ± SEM concentration of plasma β-endorphin during forced 
abstinence. Plasma was collected thirty-minutes directly following last experimental 
session on day 23. There was a significant difference in β-endorphin concentration in 
the cocaine- 3mg/kg l-THP & 0.1mg/kg LDN group and the cocaine-vehicle group 
*p<0.05. As well as the cocaine- 3mg/kg l-THP & 0.1mg/kg LDN group and cocaine-
3mg/kg l-THP group *p<0.05. 
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Figure 5.5 Fluorescence intensity of POMC mRNA during forced abstinence.  Panel 
A shows POMC mRNA, in red, detected by RNAscope.   Brains were harvested and 
snap frozen thirty minutes following the last experimental session on day 23. Six 
0.14uM coronal sections were taken from each animal and analyzed for total POMC 
mRNA fluoresce between -2mm and -3.5mm Bregma. 3V denotes the third ventricle 
and the scale bar 100uM.  Panel B displays the fluoresce intensity of POMC mRNA, 
expressed as mean ± SEM. Treatment had a significant effect on POMC mRNA 
intensity p=0.0004.  Bonferroni post-test analysis revealed a significant difference 
between the cocaine-vehicle and the cocaine- 3mg/kg l-THP & 0.1mg/kg LDN group  
**p<0.01, between cocaine-3mg/kg l-THP and cocaine-3mg/kg l-THP & 0.1mg/kg 
LDN *p<0.01, and between cocaine-vehicle and sucrose-vehicle *p<0.01 
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5.4 Discussion 

The purpose of the present study was to investigate effect of l-THP & LDN on β-

endorphin and its precursor polypeptide POMC.  We hypothesized that during 

withdrawal, following cocaine SA, concentrations of β-endorphin and POMC expression 

are reduced, a potential factor in propensity to relapses among recovering cocaine 

addicts.  Additionally, we hypothesized the combination of l-THP & LDN increases β-

endorphin during the withdrawal period, reducing drug-cravings. The experimental 

conditions used in Chapter 4 were replicated, with the exception of forced abstinence 

carried out in the home cages.  

 As expected active lever responses were significantly decreased after cocaine-

forced abstinence in both 3mg/kg l-TH and 3mg/kg l-THP & 0.1mg/kg LDN groups. The 

3mg/kg l-THP & 0.1mg/kg LDN treatment significantly increased plasma β-endorphin 

concentrations compared to both the vehicle and the cocaine 3mg/kg l-THP group. 

Interestingly, animals trained to self-administer sucrose had higher active lever responses 

compared to the vehicle withdrawal group.  This however is consistent with findings in 

the literature on sucrose SA and withdrawal.  It is also important to note that sucrose 

withdrawal does not induce many of the neuroadaptations that are associated with 

cocaine withdrawal and for that reason sucrose SA and withdrawal is often used as a 

control in cocaine SA and withdrawal studies. 24-26 While there was a significant 

reduction of active lever responses in the 3mg/kg l-THP and the 3mg/kg l-THP & 

0.1mg/kg groups, the plasma analysis revealed β-endorphin was only significantly 

increased in the 3mg/kg l-THP & 0.1mg/kg LDN group.  There was not a significant 

difference in the β-endorphin concentrations between cocaine SA 3mg/kg l-THP & 
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0.1mg/kg LDN group and the sucrose SA group. These findings are in support of the 

hypothesis that LDN elevates circulating concentrations of β-endorphin, as we found no 

change in β-endorphin concentrations in the animals treated with 3mg/kg l-THP.  

Our findings corroborate the findings of many other groups. 21,22,27-35  β-endorphin 

is known to play an important role in addictions. In recovering smokers, attenuated 

concentrations of β-endorphin have been found to directly contribute to smoking 

relapse.22,27,29   In addition to being a contributing factor to cocaine, nicotine, and heroin 

craving, β-endorphin deficit is hypothesized as a contributing factor to relapse of alcohol 

use.30,36  Additionally, hypothalamic POMC expression is significantly reduced in animal 

highly susceptible to return to heroin seeking behavior during relapse, similar to our 

finding of hypothalamic POMC and cocaine seeking behavior.37 We believe that our 

evidence supports the β-endorphin deficit hypothesis. Other groups have demonstrated a 

correlation between attenuated β-endorphin release in the brain and cocaine-seeking 

behavior; however, to our knowledge, we are the first to demonstrate this also correlates 

with plasma β-endorphin levels.   

Currently LDN is often used as a treatment for autoimmune disorders, yet there is 

not a conclusive study examining the proposed mechanism.18 However, as l-THP is well 

documented for not possessing affinity to opioid receptors, we are convinced the changes 

in β-endorphin and POMC expression are the results of treatment with LDN.8 This 

substantiates the hypothesis that LDN functions through modulation of the endogenous 

opioid system.   While we can speculate on the mechanism behind l-THP & LDN’s 

increased efficacy, we are unaware of the full mechanism by which l-THP or the 

combination of l-THP & LDN functions.  l-THP is reported to facilitate DA release in the 
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NAc, normalizing DA signaling.   The dopaminergic changes combined with the increase 

of hypothalamic POMC and circulating β-endorphin during forced abstinence reduces 

drug cravings, thereby attenuating drug-seeking behavior.  Furthermore, the β-endorphin 

release increases spontaneous locomotion in rodents, shedding light on the differences 

observed in spontaneous locomotion between animals treated with l-THP and those 

treated with l-THP & LDN.23,38  

In summary the data presented is evidence to the potential of the combination of l-

THP & LDN as an efficacious treatment for prevention of cocaine relapse.  The 

combination of l-THP & LDN targets both the dopaminergic and endogenous opioid 

pathway and functionally normalizes the neurotransmitters, thereby alleviating some of 

the long-term neuroadaptations associated with drug use, reducing cravings, and 

preventing the inevitable relapses that follow drug cravings.   
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CHAPTER 6: CONCLUSIONS AND FUTURE 
CONSIDERATIONS FOR THE DEVELOPMENT OF l-THP 

& LDN 
 

6.1 Conclusions  

The persistent nature of substance abuse necessitates the development of innovative 

pharmaceuticals to treat the long-term neuroadaptations sustained in individuals 

recovering from drug addiction.1-6 l-THP is a promising treatment for substance use 

disorders, however it possesses undesirable side effects which may prove to be difficult 

to overcome. Evidence presented in this dissertation addresses these obstacles through 

development of l-THP as a combination medication.    

The pilot study in Chapter 2 lead to the discovery of l-THP & LDN, a combination 

that exhibits increased efficacy and tolerability when compared to l-THP alone. Moreover 

the addition of LDN reversed the locomotor depression induced by l-THP.  The results of 

the pilot study brought us to the conclusions that the combination of l-THP & LDN 

warranted further study. This lead to the development of our central hypothesis: the 

combination of l-THP & LDN together attenuate cocaine-seeking behavior and LDN 

reduces the sedative side effects induced by l-THP.  The evidence presented in Chapter 3 

used the reinstatement of CPP as an endpoint and we determined both 3mg/kg and 

5mg/kg combinations of l-THP & LDN had increased efficacy and tolerability over l-

THP. 

Chapter 4 explored the effect of l-THP & LDN on cocaine SA and reinstatement of 

drug-seeking behavior in cocaine self-administering rats.  The addition of LDN to l-THP 

had no effect on cocaine SA, with both the combination of l-THP & LDN and l-THP 

alone exhibiting a typical l-THP biphasic dose-response on cocaine SA.  Reinstatement 
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of drug-seeking behavior was significantly attenuated by l-THP & LDN as well as 

spontaneous locomotion depression significantly reversed when compared to l-THP 

alone.  Additionally, we discovered repeated administrations of l-THP & LDN over ten 

days was as efficacious as a single pretreatment thirty minutes prior to reinstatement.  We 

considered this an especially promising finding, as the repeated daily treatments more 

closely resemble a clinical treatment timeline than a single pretreatment. Taking into 

account both the efficacy and reduction of side effects, we deemed 3mg/kg l-THP & 

0.1mg/kg LDN as the most efficacious dose combination of l-THP & LDN. Using this 

dosage in Chapter 5, we investigated the proposed mechanism behind the behavioral 

effects observed in the CPP, SA, and locomotor experiments.  We hypothesized the 

repeated treatments of LDN would modulate the endogenous opioid system, specifically 

β-endorphin. In vehicle treated animals there was a pronounced reduction of POMC 

expression in the Arc during cocaine forced abstinence.  Treatment with l-THP & LDN 

significantly upregulated POMC expression in the Arc, restoring POMC expression to 

homeostatic levels observed in sucrose self-administering animals. Concurrent with 

POMC expression, plasma β-endorphin concentrations were also increased in l-THP & 

LDN treated animals.   We believe the modulation of POMC and β-endorphin in part 

Figure 6.1 Expanded allostatic state hypothesis to include l-THP and LDN treatment 
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explains the behavioral effects exhibited by animals treated with l-THP & LDN. The 

increase in plasma β-endorphin is of significant importance, as stress-induced relapses are 

triggered by low concentrations of β-endorphin.  Expanding upon the hypothesis of 

allostatic states discussed in the introduction and described in Figure 1.7, we hypothesize 

l-THP & LDN restores dopamine, β-endorphin, and POMC to homeostatic levels 

experienced prior to drug use, thereby reducing the onset of drug cravings, shown in 

Figure 6.1.7   

In summary, we have developed l-THP & LDN as a novel pharmaceutical treatment, 

which has a great deal of potential to meet the current need for a cocaine relapse 

prevention treatment.  Through the combination we effectively targeted dopaminergic 

signaling and the endogenous opioids, two pathways that influence relapse to drug use.  l-

THP & LDN reliably attenuated drug-seeking behavior, in both reinstatement of CPP and 

reinstatement of self-administering behavior.  The exploration of the mechanism behind 

the observed behavioral effects of l-THP & LDN lead to the discovery that l-THP & 

LDN modulate the endogenous opioid system, upregulating both POMC expression in 

the Arc and plasma β-endorphin concentrations during cocaine withdrawal.   We believe 

the endogenous opioid regulation enhances the efficacy of l-THP while simultaneously 

reducing the side effects of l-THP.  The combination of l-THP & LDN also is potentially 

useful for the treatment of other substance abuse disorders.  In the literature l-THP is 

reported to reduce drug-seeking behavior of heroin, nicotine, amphetamine, and 

oxycodone.8-10 Therefor, it is plausible to consider the combination of l-THP & LDN in 

the treatment of the aforementioned substance abuse disorders. 
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6.2 Future Considerations 

Investigating the efficacy of l-THP & LDN in other substances of abuse represents a 

potential avenue for future studies in addiction research. Additionally, further exploration 

of the dopaminergic-endogenous opioid mechanisms of l-THP & LDN will be useful for 

determining correlations between neurotransmitter systems as biomarkers of addiction. 

The purpose of this dissertation however, was to develop l-THP as part of a combination 

medication for the treatment of cocaine dependence. Bearing in mind l-THP has 

previously gone through Phase I and is currently moving to Phase II clinical trials and 

NTX is FDA approved, the immediate future goals for development of l-THP & LDN 

should be on the translation of l-THP & LDN to clinical studies for treatment of cocaine 

relapse prevention.   
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